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soms wat vals....., en ook zonder jou zou de afdeling niet zo draaien zoals ie draait. 
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The field of homogeneous catalysis was initiated by the discovery of the oxo-process for catalytic 
hydroformylation by Otto Roelen in 1938.1 Before that time only occasional mention was made of 
homogeneous catalysis, and this involved processes of little technical or commercial importance. 
Only since the 1950s has homogeneous catalysis become an established application of 
organometallic chemistry.2 The introduction of [RhCl(PPh3)3] (“Wilkinson’s catalyst”) as the first 
widely applicable homogeneous hydrogenation catalyst by G. Wilkinson and R. S. Coffey in 19653 
triggered many new developments in the field of homogeneous catalysis. Initially the preparation 
and application of homogeneous catalysts was a largely empirical process. Gradually, more 
understanding has been gained of the principles governing homogeneous catalysis, but nonetheless 




1.2 Rhodium in homogeneous catalysis4 
 
The industrially most relevant types of homogeneous catalysis with rhodium are probably 
hydroformylation, hydrosilylation, hydrogenation and olefin isomerisation and oligomerisation. 
Furthermore, homogeneous rhodium systems play a leading role as models for hydrodehalogenation 
and hydrodesulfurisation chemistry. The most notable role of rhodium in asymmetric catalysis is in 
catalytic asymmetric hydrogenation with rhodium complexes of chiral phosphines.5  
Simplified mechanisms of two classic catalytic processes employing rhodium, 



















































Scheme 1. Simplified mechanisms of hydroformylation and hydrogenation with rhodium catalysts. 
 
The elementary steps in these processes (and in almost any catalytic process) are coordinative 
addition, oxidative addition, migratory insertion, and reductive elimination. Rhodium(I) is an 
electron-rich low-valent metal, which can be easily oxidised to rhodium(III) and vice versa. Thus, it 
allows the above-mentioned steps better than most other metals.4 Iridium has a larger preference for 
the trivalent oxidation state and in general reacts more slowly than rhodium. Because of this, Ir 
compounds are frequently used as models for their more reactive Rh analogues. The group 10 
metals Ni, Pd, Pt, which are also used frequently in homogeneous catalysis, shuttle between even 
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1.3 Diiminate type ligands 
 
Until the 1990s nitrogen-containing ligands have only played a minor role in homogeneous 
catalysis and transition-metal organometallic chemistry. Phosphine donors have always dominated 
organometallic chemistry along with carbonyls and hydrides as ligands. Especially the phosphine 
ligands have been intensively studied,9 not in the least because of their usefulness in asymmetric 
catalysis.5 Homogeneous catalysis with nitrogen-containing ligands is a relatively recent 
development.10  
One of the advantages of nitrogen-containing ligands over e.g. phosphines is the easy 
availability of a wide range of potential ligands. For asymmetric catalysis many entiomerically pure 
nitrogen compounds are available either from the chiral pool or as cheap industrial intermediates. 
The organic chemistry of nitrogen has received abundant attention in the past, leading to a wide 
range of possible transformations.  
A drawback of nitrogen-donor ligands compared to phosphine ligands is that in general the 
metal-nitrogen bond is weaker than the metal-phosphorus bond, resulting in lower stability towards 
ligand dissociation. At the same time, N-ligands exert a weaker trans-influence, so that they are less 
effective at labilising metal-coligand bonds and increasing reactivity of the complexes. In order to 
arrive at N-donor ligand complexes that can compete with P-donor ligand complexes in stability 
and catalytic activity, anionic nitrogen-donor ligands can be used. In this thesis diiminate type 
ligands (from now on denoted with N2-) have been chosen, that are stabilised through 













Scheme 2. Stabilisation through resonance in the β-diiminate ligand. 
 
Anionic N2- ligands are electron-rich chelating nitrogen-donor ligands that act as 4e σ-donors 
and, sometimes, as π donors as well. They are able to stabilize high oxidation states of the metal. 
Due to the anionic nature of the ligand, the covalent M-N σ-bond provides the desired stability. As 
we are mainly interested in the electron-rich, polarisable (i.e. “soft”) rhodium, the anionic and 
chelating nature of the N2- ligands should also compensate for the relative “hardness” of nitrogen 
with respect to phosphorus.  
Whereas the anionic and chelating nature of the N2- gives these ligands some of the beneficial 
bonding properties of e.g. phosphines, using an anionic ligand also renders the rhodium more 
similar to the group 10 metals: an N2-Rh fragment is iso-electronic with e.g. a (diphos)Pd fragment. 
This means one could expect reactivity of these N2-Rh complexes that is rather different from that 


















Scheme 3. The N2- ligands discussed in this study. 
 
The steric properties of the N2- ligands (Scheme 3) can be easily altered by variation of the 
N-substituents R’. Furthermore, in this project we have chosen to also study the influence of the bite 
angle (N-M-N) by using the four types of diiminates shown in scheme 3. From left to right the 
number of carbons separating the two nitrogen-donor atoms increases from 1 to 4. 
In general, ligands with sp2 hybridised nitrogen atoms (neutral and anionic) have already 
shown broad and interesting coordination chemistry.10 Some of the N2- ligands have been proposed 
or used as alternatives for the cyclopentadienyl (Cp) ligand,11, 12, 13, 14, 15, 16 which partly explains the 
current interest in them. An obvious advantage of the diiminate type ligands over the Cp ligand is 
the tunability of their steric demand by variation of the substituents at nitrogen.  
Below, the different types of N2- ligand used in this thesis are briefly introduced.  
 
The β-diiminate ligand11 
The first reports on β-diimines (also called β-diketimines) as ligands in coordination chemistry 
appeared in the literature in the 1960s.17 β-Diiminates are the isoelectronic nitrogen analogues of 
the ubiquitous β-diketonato ligand,18 and because of their resemblance to the acac (acetylacetonato) 
ligand they have in some cases also been denoted “nacnac”.  
A host of different coordination modes has been observed for β-diiminate ligands (Scheme 4). 
The bonding mode occurring most frequently is straightforward terminal N,N’-chelation (A). The 
negative charge is delocalised over the ligand backbone, making both nitrogen-donor atoms equally 
electron rich. Ignoring the possibility of N→M π-donation, formally the ligand has to be considered 
an LX ligand (4 electron donor, charge –1, according to the ionic model). 
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Scheme 4. Several bonding modes observed for the β-diiminate ligand (for examples see ref. 11). 
 
In extreme cases bonding mode B can result in an η5-(2σ+π) 6e bonded structure, the ligand 
being “side-on” coordinated to the metal, like pentadienyl.13 The change from A to B is caused by 
steric crowding around the metal center.19 The other bonding modes occur much less frequently 
than A and B and are not relevant to the complexes discussed in this thesis. 
In the 1990s the β-diiminates were recognised as useful spectator ligands, like 
cyclopentadienyl ligands, exhibiting strong metal-ligand bonds. Furthermore, they feature 
exceptional and tunable steric properties via variation of the N-substituents. The bulkier ligands 
have proven especially effective in stabilising low coordination numbers and enabled the isolation 
of metal complexes with unique coordination geometries.20, 21 The most important recent 
applications of β-diiminate complexes are as (non-metallocene) olefin polymerisation catalysts,20h, 
21, 22 and as models for the metal sites in metalloproteins.23 Only one account deals with possible 
enantioselective catalysis by β-diiminate complexes (with the stereocenter in the N-substituent).24 
In previous research in our group it was found that with xylLMe (See scheme 3; xyl = 
2,6-Me2Ph) the three-coordinate 14e rhodium(I) cyclooctene complex [(xylLMe)Rh(coe)] 1 can be 
obtained.25 This coordinatively unsaturated complex was shown to catalytically hydrogenate the 
hindered olefins 1-methyl-cyclohexene and 2,3-dimethyl-2-butene via a 14e/16e catalytic cycle 




































Scheme 5. Proposed catalytic cycle for the hydrogenation of hindered olefins by 1.26 
 
In a subsequent study the specific steric shielding provided by the vertical aryl “walls” of the 
xylLMe ligand led to rare π-arene inverse-sandwich complexes, in which the orientation of the aryl 
fragment was dictated by the ligand.27  
Whereas the sterically encumbering N-aryl substituted β-diiminates with aryl = 
2,6-diisopropylphenyl (dipp)20c-k or 2,6-dimethylphenyl21-27 have been used extensively, reports 
involving N-alkyl substituted β-diiminates are rare.28, 17b 
 
The bisoxazolinate ligand 
The bisoxazolinate (box) ligand (Scheme 6) can be considered as a variation on the basic diiminate 
ligand type. It shares the NCCCN backbone with its parent, but the cyclic structure imposes steric 
and conformational constraints, and the oxygens perturb the π-system of the ligand. 
 














R2-box R4-box  
Scheme 6. The bisoxazolinate ligands Rn-box (n= 2, 4). 
 
The oxazoline ring was first prepared as early as 1884,29 and it has been used widely in many 
areas of chemistry as a protecting group, an activating group, or as coordinating ligand.30 Among 
the chiral N-donor ligands, the oxazolines are the most frequently studied due to the high 
enantioselectivities achieved in a range of processes. At the basis of the widespread use of 
oxazolines is the ease with which they can be prepared from naturally available aminoacids and 
synthetic aminoalcohols. Furthermore the oxazoline ring is resistent to nucleophiles, bases and 
radicals, being sensitive only to mineral and Lewis acids.31  
From structural data for oxazolines, obtained from the Cambridge Structural Database (CSD), 
the oxazoline ring was found to be nearly planar. The bond distances 2-3, 1-2, and 1-5 are close to 
the average lengths for Csp2-N, Csp2-O and Csp3-O, respectively. Hence it appears that only a small 
contribution of the charged resonance structure shown in scheme 7 is needed to accurately describe 
















Scheme 7. Resonance structures of the oxazoline ring. 
 
Inspired by the research of Pfaltz on semicorrins33 and of Brunner34 and Balavoine35 on 
dihydrooxazolylpyridines as ligands for enantioselective catalysis, the (potentially) chiral 
C2-symmetric bisoxazoline ligands were introduced by Masamune36 in the early 90s and have since 
caught a great deal of attention.37, 38  
Bisoxazolines usually coordinate to the metal via the nitrogen-donor atoms in a bidentate 
fashion, resulting in five- to nine-membered chelate rings (the box ligands in this thesis all give 
six-membered chelate rings).  
Returning now to the bisoxazolines with a C1 bridge (NCCCN backbone) it can be noted that 
most research carried out with neutral bisoxazoline ligands involves variations having two 
substituents on the central carbon of the backbone. Bisoxazolines with zero or one substituent on 
the central carbon, which can be converted into anionic ligands, have been studied much less. We 
used only mono-anionic bisoxazolinates with no substituents on the central carbon of the backbone.  
In a 95Mo NMR study of several nitrogen-donor ligand molybdenum carbonyl complexes an 
order in ligand π-acceptor strength of isonitrile > α-bisoxazoline > α-diimine> diamine was found, 
classifying the bisoxazolines as better π-acceptors than diimines.39 Possibly this trend can also be 
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applied to the anionic β-diiminates (L and box), although the electron distribution is not necessarily 
the same for neutral and anionic diiminates. Whereas the neutral oxazolines are often weak 
σ-electron donors and even weak π-acceptors, the anionic bisoxazolinates (like the anionic 
β-diiminates) can act as both  σ- and π-electron donors,30 analogous to semicorrin ligands.40 
It is also possible to design ligands that should be intermediate in properties between 
diiminates and bisoxazolinates. An example would be the imineoxazolinate ligands (R-imox) shown 









Scheme 8. Imineoxazolinate ligands investigated in this study. (R = CF3, Ph) 
 
Only few accounts deal with these new mixed imineoxazolinate ligands. They were only 
recently introduced41 and have not yet found a wide application in organometallic chemistry or 
catalysis.42 
 
The acetamidinate ligand43 
Amidines are the nitrogen analogues of carboxylic acids and the amidine moiety is found in many 
biologically important compounds.44 Structurally the amidines are conjugated heteroallylic systems. 
The amidinate anion is conjugated in the same way as the allyl anion and can be described by the 







































allyl anion  
Scheme 9. Mesomeric structures for the amidinate and allyl anions. 
 
In this study only symmetric amidinates have been investigated. Amidines can be 
deprotonated with strong bases and may subsequently be complexed to transition metals. Amidinate 
ligands have been extensively used in complexes with both main group elements and transition 
metals, as well as with f-block elements.46 
The amidinate ligand can coordinate in several bonding modes. The predominant 
mononuclear bonding modes have been summarised in scheme 10.46b 






















Scheme 10. Possible mononuclear amidinate bonding modes. 
 
Although in principle amidines can assume different tautomers (s-cis, s-trans) and E,Z 
isomers due to tautomerism and rotation around the C-N bonds, in metal complexes the amidinate 
ligand usually assumes the E, s-trans configuration in which both the N-CR’ bonds are oriented 
away from the metal.47 Studies by Gambarotta et al.48 on chromium complexes of bridging 
amidinates and by Jordan49 on amidinate aluminium complexes showed that the substituent on the 
central carbon of the NCN backbone has a large influence on the steric demand of the ligand, as it 
strongly influences the Ccentral-N-CR’ and NCN angles through non-bonding H···H contacts between 








R = H, Me, t-Bu; R' = i-Pr, C6H11  
Scheme 11. Increase in steric demand due to H···H non-bonding interactions between R and R’. 
 
Some amidinate ligands have been established as useful alternatives to the cyclopentadienyl 
ligand, e.g. in polymerisation.46, 50, 51 However, amidinates have only appeared very rarely in the 
context of asymmetric catalysis.52 
 
The aminotroponiminate ligand15 
The aminotroponimines can be deprotonated to give a 10π-electron resonance-stabilised 
mono-anion (See scheme 12). The aminotroponiminate thus can be considered as an anionic 
α-diimine ligand (the nitrogen-donor atoms are separated by two carbons). With a metal it can form 
a 5-membered chelate ring. The highly delocalised π-electron system renders the planar 















R = alkyl, aryl
n = 0-10
 
Scheme 12. The aminotroponiminate ligand and the related tropocoronand ligand. 
 
The aminotroponiminate ligand-system was introduced into coordination chemistry in the 
1960s by researchers from DuPont, after which up till 1970 many transition metal 
aminotroponiminate complexes were prepared and studied mainly for their physicochemical 
properties.53 Then the interest in the aminotroponimine moiety shifted to doubly bridged 
aminotroponiminates (tropocoronands) and their complexes.54, 55 The development of a more 
convenient synthesis route for aminotroponimines56 triggered a new wave of interest in this ligand 
and its coordination chemistry.15, 57  
Recently mainly early transition-metal complexes have been studied, since the 
aminotroponiminates were recognised as alternatives to the cyclopentadienyl ligand.58  
 
Aminofulvalenealdimines 
A fourth type of mono-anionic bidentate nitrogen-donor ligands would be the aminofulvalene-
aldiminates (afa). These compounds have been reported only a few times. They are γ-diiminates 
with the nitrogen-donor atoms separated by 4 carbons (Scheme 13). Coordination to a metal would 
result in a 7-membered chelate ring. No metal complexes of this type of compound have been 
reported until very recently (for Mg),59 and the reports on afa found before all deal with the 
intramolecular hydrogen bonding of the molecule.60 The possibility was investigated if, instead of 
fast tautomerism (See scheme 13), delocalisation of electrons through the hydrogen bond can take 
place, resulting in non-classical aromaticity.61 It was concluded that only normal tautomerism 













Scheme 13. Tautomerism of the aminofulvalene aldimines (H(afa)). 
 
The recent X-ray crystal structures of the complexes [(Cy2-afa)Mg(CH3)THF] and 
[(Cy2-afa)2MgBr2], featuring the anionic Cy2-afa (R = Cy = Cyclohexyl), demonstrate that of the 
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three resonance structures possible (Scheme 14) the cyclopentadienyldiimine form prevails. Both 
bidentate nitrogen coordination and η5-cyclopentadienyl π-coordination are observed, but the 


















aminofulvenealdiminate cyclopentadienyldiimine  
Scheme 14. Resonance stabilisation of the R2-afa anion. 
 
The aminofulvaleneketiminate ligand (H(afk), see scheme 3), with methyls on the carbons 
between N and the pentacycle, was included for comparison in the theoretical studies described in 
chapter 6. However, this type of ligand was not included in the experimental investigations as the 
synthesis of these compounds is laborious. 
 
 
1.4 Aim and scope of this thesis 
 
N2- ligands are still poorly represented in the literature, especially when compared to phosphine 
ligands and cyclopentadienyl and derived ligands. The ligands used in this thesis have all gained 
increasing interest only in the last decades. N2- complexes of rhodium are especially rare, even for 
the intensively studied amidinate ligands.62 In fact, only a few dozen group 9 metal N2--complexes 
have been fully characterised, and among these the amidinate, β-diiminate and tropocoronand 
complexes are by far the best represented. For the aminotroponiminates no rhodium or iridium 
complexes have been reported at all in the CSD and only one cobalt complex.47a, 63 And for 
β-diiminates only a few rhodium complexes were reported 24, 64 apart from the ones appearing in the 
publications on β-diiminate rhodium complexes that preceded this doctorate research project.25-27  
The present study focuses on olefin complexes. Olefin complexes are widespread in 
organometallic chemistry. The principal types of catalytic reactions in which they play a role are 
hydrogenation, isomerisation, polymerisation, cyclisation, hydroformylation and oxidation. Also, 
olefin complexes are often useful catalyst precursors, because the olefin ligand is relatively labile 
and is easily lost either through dissociation or via hydrogenation. Although there are numerous 
olefin complexes in the literature, only very few group 9 metal olefin complexes of N2- ligands 
have been fully characterised. As a matter of fact the only examples are the rhodium olefin 
complexes of xylLMe and its close analogues,25-27 one bisoxazolinate rhodium bis(ethene) complex,65 
and one rhodium benzamidinate complex.47a 
Earlier work on the β-diiminate xylLMe demonstrated that [(xylLMe)Rh(coe)] (coe = 
cis-cyclooctene) is a very reactive complex25 which, after hydrogenating off the cyclooctene, 
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becomes even more reactive and gives catalytic hydrogenation activity26 and selective reactivity 
with arenes.27 
Non-conjugated diolefins tend to coordinate more strongly to metals than two separate 
monoolefins due to the entropically favored chelate effect. In cases where with monoolefins no 
stable complex can be obtained, cyclooctadiene (cod) or norbornadiene (nbd) can often be used to 
obtain stable complexes. 
The extraordinary results obtained with rhodium olefin complexes of xylLMe and closely 
related ligands prompted us to further elaborate on the reactivity of the “xylLMeRh” species that is 
obtained upon departure of the olefin. The results of that investigation are described in chapter 2.  
Furthermore we wanted to systematically investigate the possibilities of other stabilised 
mono-anionic chelating nitrogen-donor ligands, similar to xylLMe in order to elucidate the structural 
or electronic factors governing the remarkable reactivity observed. Variations in the N-substituents 
and the ligand backbone were explored with the objective of identifying the molecular features that 
influence reactivity and selectivity of the N2- rhodium(I) olefin complexes most. In chapters 3 to 6 
the ligand variations, worked out experimentally, are described and complemented with structural, 
spectroscopic and theoretical analyses, aiming at a more complete description of the above 
mentioned structural and electronic factors and their influences. 
In chapter 3 the rhodium(I) olefin complexes of the C2-symmetric bisoxazolinates are 
investigated. This introduces a steric as well as an electronic variation on the β-diiminates, while 
maintaining the β-diiminate backbone core. 
Further variations on the β-diiminate backbone and N-substituents are presented in chapter 4, 
aimed partly at separating the electronic and steric factors responsible for the differences in 
reactivity between β-diiminate and bisoxazolinate complexes. 
In chapter 5 amidinate and aminotroponiminate complexes are presented. This work focuses 
on the influence of the bite angle. 
In chapter 6 the structural and electronic data obtained from chapters two to five are analysed 
and complemented with additional data from infrared measurements and DFT calculations. The 
results from these structural and electronic comparisons are then related to the experimentally 
observed (differences in) stabilities and reactivities of the complexes, in an attempt to track down 
some leading principles that might be of use in rational design of rhodium catalysts. 
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Coordinatively unsaturated and electron-deficient metal species are of profound interest as they are 
highly reactive and are often key intermediates in catalytic processes. This high reactivity makes it 
difficult to isolate and study them in detail and their existence can often only be deduced from 
“circumstantial evidence”, e.g. trapping experiments or kinetics. The ancillary β-diiminate ligands 
L (Scheme 1) were found to stabilise low coordination numbers for main group metals1 as well as 
for both early2 and late3 transition-metals.1a This allowed e.g. the direct observation of some 
possible intermediates in the catalytic hydrogenation of olefins.4 Furthermore, the isolation of 
[(xylLMe)Rh(coe)] 1 (xyl = 2,6-Me2C6H3, coe = cis-cyclooctene)3e provided a unique opportunity to 

















ArLR: R = Me, t-Bu
        X = Me, i-Pr, Cl [(xylLMe)Rh(coe)] 1  
Scheme 1. Ligands L and complex 1. 
 
With normal arenes (benzene, toluene, xylene, mesitylene) [(xylLMe)Rh(coe)] 1 reacts to 
mononuclear η4-π-arene complexes that subsequently disproportionate to give dinuclear 
                                                 
* Part of this chapter has been previously published: S. T. H. Willems, P. H. M. Budzelaar, N. N. P. Moonen, R. de 
Gelder, J. M. M. Smits, A. W. Gal, Chem. Eur. J. 2002, 8, 1310-1320. 
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[{(xylLMe)Rh}2(anti-µ-η4(1,2,3,4):η4(3,4,5,6)-arene)] complexes (Scheme 2).5 The reaction takes 
several days in pure arene but is very quick when a hydrogen atmosphere is applied (30 seconds). 
Under the same circumstances the analogous [(PhClLMe)Rh(coe)] (“PhCl”= 2,6-C6H3Cl2) 





















R = H, Me, Me2, Me3[LMeRh(coe)] 1  
Scheme 2. Reaction of [(xylLMe)Rh(coe)] with simple arenes. 
 
In this chapter the unique reactivity of the three-coordinate 14e rhodium complex 1 towards 
C-X bonds is further investigated. The balance between σ-coordination, arene π-coordination and 
oxidative addition of a C-X bond will be assessed through the reaction of [(xylLMe)Rh(coe)] with 
aryl halides ArX (X = Cl, Br, F) and several aliphatic (Et2S, MeSCH2CH=CH2, ethylene sulfide) 
and aromatic (thiophene, dibenzothiophene, 4,6-dimethyldibenzothiophene) sulfur compounds. 
 
 
2.2 Reaction with arylhalides 
 
Bromobenzene and chlorobenzene 
When [(xylLMe)Rh(coe)] 1 was dissolved in neat bromobenzene the solution turned from dark brown 
to deep red in two days. The analogous reaction with chlorobenzene required seven days. In the 
presence of H2 the reactions with neat bromobenzene and chlorobenzene were complete within one 
minute. Upon prior addition of 10% of THF to the phenyl halide the reactions under H2 were even 
faster, running to completion within seconds. For both PhBr and PhCl oxidative addition to 
(xylLMe)Rh is followed by dimerisation to give five-coordinate [(xylLMe)Rh(Ph)(µ-X)]2 (2a X = Br, 
2b X = Cl). The crystal structure of the bromobenzene adduct 2a (Figure 1) shows that each 
monomeric unit has a square pyramidal coordination environment with the phenyl group at the 
apical position. 
 

































Figure 1. Structure of [xylLMeRh(Ph)(µ–Br)]2 2a (hydrogen atoms and solvent molecule benzene-d6 
omitted). Selected bond lengths [Å] and angles [º]: Rh1-C31 2.004(7), Rh1-N1 2.013(6), Rh1-N2 
2.026(6), Rh1-Br1a 2.5211(8), Rh1-Br1 2.5255(9), Br1-Rh1a 2.5211(8), C31-Rh1-N1 92.9(3), C31-
Rh1-N2 95.7(3), N1-Rh1-N2 90.3(3), C31-Rh1-Br1a 93.4(2), N1-Rh1-Br1a 172.23(17), N2-Rh1-
Br1a 93.65(18), C31-Rh1-Br1 95.0(2), N1-Rh1-Br1 93.53(18), N2-Rh1-Br1 168.49(17), Br1a-Rh1-
Br1 81.38(3), Rh1a-Br1-Rh1 98.62(3), C2-N1-C11 116.3(6). 
 
The phenyl groups of the two units are located in a trans arrangement i.e. at opposite sides of 
the Rh2Br2 plane. Both phenyl rings are oriented parallel to the Rh-Rh vector. This orientation, 
which is probably enforced by the bulky 2,6-dimethylphenyl substituents at the nitrogen atoms, 
would result in steric repulsion between the two phenyl groups in a cis arrangement. The RhIII–Br 
bonds are somewhat shortened compared to those of related structures containing the RhIII2(µ-Br)2 
fragment. Altogether seven such bromide-bridged rhodium(III) compounds, of which only one was 
five-coordinate, were found in the CSD database, not including the structures with more than two 
bridging bromides. All values lie between 2.489Å and 2.670Å at an average Rh-Br distance of 
2.582Å. In general five-coordinate RhIII complexes are not rare, as they account for about 10% of all 
RhIII structures in the CSD (the vast majority obviously being six-coordinate). The structures that 
resemble our structure most are a recently published dinuclear chloride-bridged phosphine ethyl 
complex6a, and a bromide-bridged rhodium hydrido species reported by Yamamoto et al.6b Since in 
the latter structure the hydrido ligands were not localised, a direct comparison of the geometries 
was not possible.  
The similarity of the 1H and 13C NMR data of 2a and 2b indicate that the chloride-bridged 
complex 2b has the same trans structure.  
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In order to see whether π–coordination of the aryl halide precedes the oxidative addition, the 
reaction was carried out at –30ºC in the presence of H2 in neat bromobenzene. NMR showed that 
[(xylLMe)Rh(coe)(H2)] was formed7 but did not react further at that temperature. Upon warming to 
0ºC 2a was formed without observable intermediates, indicating that a π–complex is not formed or 
that it rearranges instantaneously to the dinuclear oxidative addition product. 
 
Fluorobenzene 
Following the same procedure as for bromo- and chlorobenzene, [(xylLMe)Rh(coe)] 1 was dissolved 
in fluorobenzene and submitted to an atmosphere of hydrogen. After one minute the fluorobenzene 
was removed in vacuo. The 1H NMR spectrum showed that 1 had been partly (ca. 60%) converted 
to a product 3 which has spectroscopic properties consistent with an anti–µ–η4(1,2,3,4):η4(3,4,5,6) 
inverse sandwich structure.5 Carrying out the reaction in fluorobenzene/THF (9:1) led to 



























Figure 2. Structure of [{(xylLMe)Rh}2(anti-µ–η4:η4–PhF)] 3 (hydrogen atoms omitted; the 
disordered F32 is shown in both of its positions). Selected bond lengths [Å] and angles [º]:Rh1-N1 
2.006(3), Rh1-C32 2.031(5), Rh1-N5 2.048(3), Rh1-C33 2.205(5), Rh1-C31 2.240(5), Rh1-C31a 
2.353(5), C31-C31a 1.379(11), C31-C32 1.429(8), C32-F32 1.331(10), C32-C33 1.407(9), C33-
C33a 1.493(13), N1-Rh1-N5 90.45(14), F32-C32-C33 136.7(7), F32-C32-C31 107.6(6), 
Rh1···C32a 2.879(5), Rh1···C33a 2.937(5); The angle between the Rh-Rh vector and the arene 
least-squares plane is 71.86(12)º. 
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The molecule is located at a crystallographic twofold axis resulting in disorder of the 
fluorobenzene ring over two orientations. The fluorine substituent avoids the arene "walls" of the 
diiminate ligand, just like the non-disordered toluene molecule in [{(xylLMe)Rh}2(µ-η4:η4-toluene)].5 
Because of the disorder in the X-ray structure of 3, a detailed comparison of geometrical parameters 
with those of the toluene complex is not possible. However, some similar features can be 
distinguished, viz. the loss of planarity of the fluorobenzene ring (the deviations from planarity are 
0.152(7) Å, 0.072(7) Å, 0.265(8) Å for the three pairs of symmetry-related atoms) and the 
localisation of the single bonds in the arene ring (C31–C32, C31a–C32a and C33–C33a). 
When 1 was treated with fluorobenzene/THF (9/1) for 30 s, followed by evaporation of the 
solvents and immediate dissolution of the resulting solids in THF-d8 at –50ºC, the main component 
was the mononuclear η4–fluorobenzene complex 4. Upon warming to room temperature, 4 
completely disproportionated into the inverse sandwich complex 3. This behaviour is analogous to 
that observed for the benzene, toluene, xylene and mesitylene complexes.5 
 
NMR data of the η4 and µ-η4:η4 fluorobenzene complexes 
Both the 13C NMR spectra of [{(xylLMe)Rh}2-µ-η4:η4-(C6H5F)] 3 and [{(xylLMe)Rh}-η4-(C6H5F)] 4 
show complete C2V symmetry of the ligand, indicating a high degree of fluxionality in solution as 
was also found for the toluene and m-xylene complexes.5 Further the 13C NMR spectra show a very 
characteristic pattern for the coordinated fluorobenzene moiety. Besides a wide spread in chemical 
shifts (ranging from 50 to 165 ppm) for all fluorobenzene carbons, which is typical for η4 
coordinated arenes, also a typical splitting pattern is observed due to J-coupling by both fluorine 
and rhodium. The ipso signals for the sandwich complex were not observed in the NMR spectrum, 
probably due to both the general low intensity of ipso signals and splitting of the signal due to 
couplings to one 19F and two 103Rh nuclei. The ipso carbon of the mononuclear complex appears as 
a doublet with a coupling constant of 244 Hz (1JC,F). The absence of a visible rhodium coupling 
indicates that in the most favoured orientations of the fluorobenzene moiety the carbon atom 
bearing the fluorine is not involved in coordination.  
The chemical shifts of the coordinated fluorobenzene moiety in 3 were found to be in 
reasonable agreement with the values for its solid-state µ-η4: η4 structure, calculated from intrinsic 
chemical shifts via a least squares fit of the shifts for other η4 arene complexes.5 From this 
comparison it is clear that fluorobenzene has the same preferred orientation as toluene, i.e. the 
orientation in which the substituent(s) avoid contact with the sterically demanding arene “walls” of 
the ligand. Similarly the chemical shifts of 4 agree with those calculated for a mononuclear η4 




Table 1. Comparison of 13C NMR parametersa for η4-PhF complex 4 and µ-η4:η4-PhF complex 3 

















    F at pos. c F at pos. y 
site C6H6 C6H5F ∆PhF-PhH Calc. Found Calc. Found 
i 128.0 163.0 35.0 163.0 163.6 112.5 -c 
o “ 115.7 -12.3 88.4 84.6 49.0 50.7 
m “ 129.9 1.9 83.1 78.4 63.2 63.7 
p “ 124.1 -3.9 85.1 80.2 73.6 69.6 
a) All values in ppm. 
b) Method and intrinsic NMR parameters taken from Ref. 5. 
c) not observed. 
 
Mechanistic aspects 
Reaction of [(xylLMe)Rh(coe)] with pure arenes (benzene, toluene, phenyl halides) is relatively slow 
(hours to days). Treatment with H2 speeds up this reaction considerably, which suggests that, in the 
absence of dihydrogen, generation of a "naked" 12e LMeRh species from [(xylLMe)Rh(coe)] by 
displacement of coe is rate-limiting. However, formation of the fluorobenzene complex is much 
slower than the previously observed formation of the toluene complex,5 and addition of THF speeds 
up the reaction a lot. This suggests that coordination of a solvent molecule is important and that the 
weak donor fluorobenzene is relatively inefficient in this respect. Although oxidative addition of 
chlorobenzene and bromobenzene in the presence of hydrogen is fast in the absence of THF, the 
addition of THF still notably speeds up the reaction. Apparently solvent coordination is important 
in this case as well. Since fluorobenzene, being the weakest π–donor, forms a π-complex, 
chlorobenzene and bromobenzene could initially do the same. Apparently, the C-F bond is too 
strong to be broken whereas for both chlorobenzene and bromobenzene oxidative addition of the 
C-X bond is fast. Scheme 3 summarises the observed reactivity of 1 with benzene, toluene and the 
phenyl halides. We cannot exclude variations involving direct oxidative addition of a C–X bond 
without initial π-coordination. 
 











































X = H, Me
[X = Cl, Br]
S (THF, PhX)H2
S
X = Br (2a)
X = Cl (2b)
X = Cl, Br
X = F, H, Me
X = F(3)
X = H, Me  
Scheme 3. Reactivity of [(xylLMe)Rh(coe)] 1 with benzene, toluene and phenyl halides.7 
 
 
2.3 Reaction with sulfur compounds 
 
Non-aromatic sulfur compounds 
Since [(xylLMe)Rh(coe)] had proven to be prone to oxidative addition of C-Cl and C-Br bonds, we 
decided to also test the reactivity towards C-S bonds. Upon reaction of two equivalents of the 
relatively unreactive diethylsulfide we observed substitution of coe and formation of 
bis(diethylsulfide) complex 5. When the reaction was carried out using only one equivalent of 
diethylsulfide, about half of the starting material was converted into 5; a mixed coe/sulfide complex 
was never observed. With one equivalent of the more reactive allylmethylsulfide we observed 
formation of complex 6. 1H NMR data indicate chelation of the allylmethylsulfide via the sulfur 











5 6  
X-ray structure determination of 6 (Figure 3) revealed a complicated disorder which after 











































Figure 3. Structure of [(xylLMe)Rh(η1(S):η2–MeSC3H5)] 6 (hydrogen atoms omitted). The most 
abundant (66%) of three orientations for the disordered allylmethyl sulfide moiety is shown on the 
left, the disordered fragment on the right. Selected bond lengths [Å] and angles [º]: Rh1-N1 
2.039(8), Rh1-N5 2.042(7), Rh1-C31a 2.121(12), Rh1-C32a 2.162(12), Rh1-S34a 2.301(4), 
C31a-C32a 1.41(2), C32a-C33a 1.53(2), C33a-S34a 1.862(14), S34a-C35a 1.820(15), N1-Rh1-N5 
90.3(3), N1-Rh1-C31a, 53.5(5), N5-Rh1-C31a 94.4(5), N1-Rh1-C32a 164.3(5), N5-Rh1-S34a 
162.4(2), C31a-Rh1-S34a 87.3(4), C32a-Rh1-S34a 71.2(5), C32a-C33a-S34a 99.7(9). 
 
Complex 6 appears to be the first example of a crystallographically characterised 
allylalkylsulfide metal complex.  




Oxidative addition and subsequent hydrogenation of thiophenes might be relevant steps in “deep” 
hydrodesulfurisation (HDS), a field of considerable interest.9 
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Thiophene easily reacted with [(xylLMe)Rh(coe)] in THF at room temperature to give product 7 
containing two inequivalent asymmetric xylLMe groups and one C4H4S fragment. The four different 
signals of the C4H4S fragment in both the 1H and 13C NMR spectra indicate that it is bound in an 
asymmetric fashion. In particular, the observation of one carbon resonance at 164 ppm with both a 
large Rh-C coupling (34 Hz, indicative of a Rh-C σ-bond) and a smaller coupling (12 Hz, typical of 
a C=C bond π-coordinated to Rh) suggests it to be a C-S-cleaved thiophene π-coordinated to a 
second Rh atom. These NMR parameters combined with the small Rh couplings on the carbon 


















Scheme 4. 1H and 13C NMR shifts in ppm (JRh,C in Hz) and the proposed structure for 7. 
 
An X-ray crystal structure of a related cobalt compound was obtained by Chin and Jones10 
from the reaction of [(C5Me5)Co(C2H4)2] with thiophene in benzene at 70ºC. The 1H and 13C NMR 
shifts of the C4H4S fragment in [{(C5Me5)Co}2(C4H4S)] are comparable to those in 7. 
[{(C5Me5)Co}2(C4H4S)] shows two distinct sets of C5Me5 resonances in the 13C spectrum taken at 
-50°C but only a single resonance at room temperature. The observed fluxionality was assigned to 
the bridging ring alternating its position as shown in scheme 5. In the crystal structure a disorder 






















Chin, Jones Rauchfuss  




A similar bridged structure was suggested by Rauchfuss et al.12 for [{(C5Me5)Rh}2(SC4Me4)], 
the tetramethylthiophene analogue of 7, on the basis of 1H NMR and mass spectrometry. This 
complex was obtained from the slow thermal decomposition of [{(C5Me5)Rh}3(η4;η1–C4Me4S)2] at 
100°C. Unfortunately 13C NMR data were not reported. A dinuclear nickel diphosphine complex, 
with a bonding mode analogous to that of the Jones cobalt species, shows the same 1H NMR pattern 
of chemical shifts but the spread of the thiophene shifts is much smaller (1H: 6.64–4.62 ppm, 13C: 
80.8–70.6 ppm).13 Recently the dinuclear C–S cleaved 2,5-dimethylthiophene rhenium complex 
[Re2(CO)7(µ-2,5-Me2T)], obtained by UV photolysis of a hexane solution of [Re2(CO)10] and 
2,5-dimethylthiophene, was structurally characterised. In this case a Re(CO)4 has inserted into the 
C–S bond and the resulting fragment is η5-coordinated through both double bonds and the sulfur to 
a Re(CO)3 fragment.14 
Reports of insertion of RhI into the thiophene C–S bond have thusfar been restricted to 
Cp*RhI fragments,12, 15, 16 (TpMe2)RhI fragments (TpMe2 = Hydrotris(3,5-dimethylpyrazolyl)-borate)17 
and (triphos)RhI fragments (triphos = MeC(CH2PPh2)3).18a, 18b A few IrI complexes have also been 
reported to insert in the thiophene C–S bond.18a, 18c, 19, 20 [Ir(PMe3)3] (generated from 
[Ir(cod)(PMe3)3]) was shown to insert in the C–S bonds of thiophene and benzothiophene resulting 
in six-membered iridathiacycles.19a 
Insertion into the C-S bond is often the initial step in hydrodesulfurisation and is usually 
followed by a hydrogenation step. Complex 7 did not react with hydrogen (1 bar, 40°C, 12 hr) to 
subsequently allow further desulfurisation steps. In contrast, starting from 
[(triphos)Ir(η4-C6H6)][BPh4] Bianchini and coworkers inserted (triphos)IrI in benzothiophene to 
give an iridabenzothiabenzene complex which upon reaction with hydrogen formed a 
2-ethylbenzenethiolate complex.19b, 19c 
[Cp*IrIIIHX] inserts in the C–S bonds of thiophene (X = H; Cl) and benzothiophene (X = Cl). 
The resulting complexes then react further with hydrogen (600 psi, 60°C) to the desulfurised 
products butane and ethylbenzene.20a, 20b Coordination and reactivity of thiophenes at Cp*Ir21a and 
the reactivity patterns of thiophenes in organometallic complexes21b have been recently reviewed. 
With respect to hydrodesulfurisation, dibenzothiophene (dbt) and dimethyl-dibenzothiophene 
are more interesting substrates because of their lower reactivity.16d In THF [(xylLMe)Rh(coe)] did not 
give any complex with 4,6-dimethyldibenzo[b,d]thiophene even after 12 hours under hydrogen; 
only slow decomposition of the [(xylLMe)Rh(coe)] was observed. In contrast, the reaction of 
[(xylLMe)Rh(coe)] with two equivalents of dibenzothiophene (dbt) (in the absence of hydrogen) 
produced, according to 1H and 13C NMR, a mixture of two LMeRh complexes and free dbt. 
Repeated crystallisation of the dark brown "mixture", obtained by evaporating the solvent, hardly 
changed its composition in solution (NMR). From the presence in the 1H NMR spectrum of two 
pairs of triplets between 5.9 and 6.4 ppm and two pairs of double doublets in the range from 1.7 to 
2.6 ppm we concluded that in both products dbt is π-coordinated via at least one of the benzene 
rings. Moreover, based on the relative intensities of its 1H NMR signals the minor product (9) 
should have a Rh:dbt ratio of 2:1. After several recrystallisation attempts some crystals were 
obtained which could be characterised by X-ray diffraction. To our surprise the structure obtained 
was not a π-coordinated structure but that of the bis(η1(S)-dbt) complex 8 (Figure 4). 
 



































Figure 4. Structure of [(xylLMe)Rh(η1(S)-dibenzo[b,d]thiophene)2] 8 (hydrogen atoms omitted). 
Selected bond lengths [Å] and angles [º]: Rh1-N1 2.047(5), Rh1-N5 2.051(6), Rh1-S1 2.2857(19), 
Rh1-S2 2.2927(18), S1-C41 1.755(8), S1-C52 1.762(8), C41-C46 1.391(10), C46-C47 1.439(11), 
C47-C52 1.401(10), N1-Rh1-N5 91.4(2), N1-Rh1-S1 88.69(18), N5-Rh1-S1 169.79(17), N1-Rh1-S2 
166.40(18), N5-Rh1-S2 98.18(16), S1-Rh1-S2 83.55(7), Rh1-S1-M1 132.41(12), Rh1-S2-M2 
140.61(13); M1 and M2 are the midpoints of the C46-C47 and C66-C67 bonds respectively.22 The 
angle between the least-squares plane of the second dbt (S2 and C61 through C72) and the least 
squares plane of the neighbouring ligand arene (C31 through C38) is 2.30(15)º. 
 
To our knowledge 8 is the first structurally characterised bis(dibenzothiophene) complex. The 
σ–S bonding mode has been observed several times for dibenzothiophene23a and σ–S  bonded 
complexes have been structurally characterised for chromium,23b molybdenum,23b, 23c tungsten,24b 
manganese,23b, 23d rhenium,14, 23e iron,23f ruthenium,23g and iridium.23h S-Coordination of thiophenes 
in oil23c, 23g and coal23f is believed to be the first step in their catalytic desulfurisation. 
As in the other σ–S-dibenzothiophene complexes mentioned, the C-S bond lengths and the 
C-S-C angles of the dbt moieties in 8 are essentially the same as for free dbt24 (C-S 1.76 Å vs 1.74 
Å and C1-S-C12 90.3º vs. 91.5º) and the deviations of the dbt moieties from planarity are very 
small (highest deviation from dbt least-squares plane: 0.080(9) Å). Both dbt fragments in 8 have a 
pyramidally surrounded sulfur. One of them exhibits a relatively large angle between the Rh-S bond 
and the vector from the sulfur to the midpoint of the bond connecting the benzene rings 
(Rh1-S2-M2 140.61(13)º, see legend of figure 4), probably to avoid steric contacts with the ligand 
arene group. In the other dbt this angle is only 132.41(12)º, comparable to the values found in the 
ruthenium (132.0º and 130.1º) and iridium (128.0º) complexes. 
Clearly, there is no way to reconcile the solution NMR data with the solid-state structure of 8. 
In the hope of gaining more insight into this system, we decided to vary the reaction conditions. 
When the reaction of [(xylLMe)Rh(coe)] with dbt was carried out in a Rh:dbt ratio of 2:1, only the 
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minor product 9 of the two previously observed solution species was formed and no free dbt was 
left. In the 13C NMR spectrum of 9 all dbt peaks except the ones due to the thiophene ring show a 
rhodium coupling, indicating that both dbt rings are π-coordinated. The crystal structure of 9 































Figure 5. Structure of [{(xylLMe)Rh}2(anti-µ-η4(1,2,3,4):η4(6,7,8,9)-dibenzo[b,d]thiophene)] 9 
(hydrogen atoms omitted). Only one of two independent molecules is shown.25 Selected bond 
lengths [Å] and angles [º]: Rh11-N102 2.034(3), Rh11-N101 2.037(3), Rh11-C105 2.124(3), Rh11-
C104 2.136(3), Rh11-C106 2.206(3), Rh11-C103 2.301(3), Rh12-N104 2.026(3), Rh12-N103 
2.029(3), N102-Rh11-N101 90.42(11), C123-Rh11···Rh12-C153 -154.42(12). The deviation of the 
atoms C104, C105, C110 and C111 from the least-squares plane defined by the remaining atoms of 
dbt is 0.405(4) Å, 0.455(4) Å, –0.486(4) Å, –0.469(4) Å respectively. For the second molecule (not 
shown): C223-Rh21···Rh22-C253 -164.22(13). 
 
The dbt coordination mode turned out to be anti-η4:η4 with one (xylLMe)Rh fragment 
coordinated to the four outer carbons of each benzene ring on opposite sides of the dbt plane. 
Judging by the loss of planarity of the benzene rings of dbt (the outer atoms C104, C105, C110, and 
C111 show deviations of more than 0.4 Å from the least squares plane defined by the remaining 
atoms of dbt) some delocalisation is lost in the benzene rings. Comparison of the bond lengths of 
anti-η4:η4 dbt in 9 with those in free dibenzothiophene24 reveals that all bonds of the thiophene ring 
are slightly shortened whereas the remaining benzene bonds are all slightly elongated, suggesting 
that the thiophene ring in 9 has gained some delocalisation (Scheme 6), making it more similar to 
free thiophene.26  
 

































Scheme 6. Bond length changes (Å) of dbt in 8 and 9 and of thiophene26 relative to free dbt. 24 
 
π-Coordination has been reported or suggested for dibenzothiophene and its substituted 
analogues in several cases.23b, 23h, 27, 28 η4-Coordination has been suggested only for [Cp*Ir(dbt)].27a 
All other examples supposedly are η6-dbt complexes and of these only two are dinuclear complexes 
viz. [(CpFe)2dbt]28a and [(CpRu)2dbt].28b For the latter, the η6-coordination mode has been 
confirmed by X-ray analysis.  
The 1H NMR spectrum of 9 shows two triplets at 6.03 and 5.91 ppm and two double doublets 
at 1.80 and 1.73 ppm. Such rather extreme shifts for aromatic protons have been observed before 
for η4-coordinated species.29 Both the 1H and 13C shifts show a fair agreement with the intrinsic 
shifts calculated earlier for η4-arene complexes of LMeRh; η6-coordination of the benzene ring 
would result in rather different chemical shifts especially for the annellated carbon atoms.23h, 27f 
After subtraction of the signals of 9 and free dbt from the 1H NMR spectrum of a solution of 
8, a set of peaks for 10 (major product) is left that can be fully explained by assuming a 1:1 
(xylLMe)Rh-dbt π-complex. The NMR signals for the uncomplexed benzene ring are not very 
different from those of free dbt, while those of the complexed ring are similar to those of 9. 
Therefore, we propose that dissolution of 8 results in complete redistribution to a mixture of 9, 10 
and free dbt. Apparently, 8 only crystallises because it has the lowest solubility of all components in 
the mixture, but in solution the entropy gain associated with dbt dissociation prevails. This set of 


















8 910  
Scheme 7. Disproportionation equilibria upon dissolution of 8 in THF. 
 
Reactivity of 5 towards hydrogen; catalytic hydrogenation 
When diethylsulfide complex 5 was generated from [(xylLMe)Rh(coe)] 1 and Et2S (ratio Rh:S ≈ 1:4) 
in THF-d8 and subsequently submitted to a H2 atmosphere, hydrogenation of cyclooctene was 
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observed. After all the cyclooctene had been converted, 5 was slowly converted to 
[(xylLMe)Rh(SEt2)(H2)] 11 and other (minor) products. The 1H NMR spectrum of 11 exhibits a sharp 
doublet at -14.65 ppm integrating for 2 hydrogens, which leads us to propose an η2-H2 structure for 
this complex, similar to [(xylLMe)Rh(coe)(H2)] reported earlier.4 A minor product (12, ca 5%) was 
also observed, which showed a double triplet at -22 ppm; this signal could be a due to a dinuclear 
hydride-bridged rhodium(III) species. The relaxation time T1 of 11 (39.5 ms, 200MHz, room 
temperature) is rather low for a classical hydride: T1min values are usually over 45 ms for classical 
hydrides. Thus, 11 could be a rhodium dihydrogen complex, or possibly an intermediate 
“stretched-dihydrogen” complex. The T1 of 12 (225 ms, room temperature) is in the typical range 
for a classical hydride.30 Attempts to isolate a pure sample of either hydride complex by 
crystallisation failed due to slow decomposition. 
During the entire process starting from 1 free diethylsulfide had been present which could be 
clearly distinguished from coordinated diethylsulfide by NMR. During the hydrogenation of the 
previously liberated cyclooctene the ratio between coordinated and free Et2S remained approx. 1:1 
and only when the dihydrogen complex started to form, this ratio started to change from 1:1 to 1:3.  
Thus one of the two coordinated diethylsulfide molecules in 5 is displaced by dihydrogen. 
Complex 5 is active in the hydrogenation of cyclooctene to cyclooctane under very mild conditions 
(room temperature, 1 bar H2), exhibiting an initial turnover frequency of around 2 turnovers/min. 
The total turnover number after 3.5 hours is 98 (ratio catalyst:coe = 1:110 at room temperature). At 
this stage the catalyst has become almost deactivated. Even if the observed activity is moderate this 
result is surprising as sulfur ligands in general tend to poison hydrogenation catalysts.31  
In contrast to [(xylLMe)Rh(coe)],4 complex 5 does not hydrogenate 2,3-dimethyl-2-butene. This 
suggests that the mechanism of hydrogenation differs from that of [(xylLMe)Rh(coe)], possibly 
because one Et2S ligand remains coordinated during (part of) the catalytic cycle. Clearly then the 
isomerisation step necessary to effect the hydrogenation of hindered olefins can no longer take 
place, since this would require an empty site next to a coordinated olefin. Moreover, it was seen 
during the synthesis (vide supra) that a mixed Et2S/coe complex is not formed at all. Hydrogenation 
seems to take place only after the first diethylsulfide ligand is displaced by hydrogen. The above 
observations led us to propose the tentative hydride mechanism depicted in scheme 8. A variation in 
which Et2S remains coordinated during the whole cycle cannot be excluded. 
 








































The present work clearly demonstrates the subtle balance between complexation and oxidative 
addition of a C-X bond at a coordinatively unsaturated (xylLMe)Rh fragment. With phenyl halides we 
see a difference between PhF (complexation only) and PhCl and PhBr (oxidative addition). With 
sulfur compounds, we find examples of σ–S coordination (Et2S, dbt), σ–S plus π-C=C coordination 
(allyl methyl sulfide), η4-arene coordination (dbt) and oxidative addition (thiophene). 
In the case of PhCl and PhBr, the oxidative addition to [(xylLMe)Rh(coe)] in the absence of 
hydrogen is rather slow, demonstrating that the empty site in this complex is not a sufficient 
condition for high reactivity in oxidative addition. The (xylLMe)Rh fragment has a high tendency to 
form arene π-complexes. Such π-complexes could be intermediates in the oxidative addition of 
phenyl halides and possibly even of thiophene. 
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2.5 Experimental section 
 
Syntheses: All reactions were carried out in an argon atmosphere using Schlenk techniques. 
Solvents were distilled under nitrogen from Na/benzophenone prior to use. [(xylLMe)Rh(coe)] was 
prepared according to previously reported methods.3e 
 
Hydrogenation experiments: Olefins (coe and 2,3-dimethyl-2-butene) were dried over Na and 
then transferred to a cold trap in vacuo prior to use. The catalyst (10-20 mg) was dissolved in THF 
(1-2 mL) and the olefin (approx. in a 100-fold excess to the catalyst) was added after which the 
mixture was stirred under 1 bar of hydrogen for 3 hours. At intervals of 30 minutes a sample (1 µL) 
was taken directly from the reaction vessel and analysed by gas chromatography. 
 
Crystal structure determinations: Crystals were mounted in thin-walled glass capillaries under 
Ar. Details of all structure determinations are collected in table 2. Since the glass capillaries 
prevented accurate descriptions of the crystal shape, semi empirical absorption corrections32 were 
applied for all crystals except those of 9. The structures were solved by the PATTY option33 of the 
DIRDIF program system.34 Refinements were carried out with the SHELXL-97 package.35 All non-
hydrogen atoms were refined with anisotropic temperature factors except the atoms of the 
disordered allylmethylsulfide moiety of structure 6, which were refined isotropically. The hydrogen 
atoms were placed at calculated positions, and refined isotropically in riding mode. All refinements 
were full-matrix least-squares on F2. Geometrical calculations were carried out either with the 
PLATON-93 program36 or with the PARST96 program37 and did not reveal unusual geometric 
features, nor unusual short intermolecular contacts. Moreover, the calculations revealed no higher 
symmetry and no solvent accessible areas. Crystallographic data (excluding structure factors) for 
the structures reported in this paper have been deposited with the Cambridge Crystallographic Data 
Centre. (For publication numbers see table 2). Copies of the data can be obtained free of charge on 
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223 336-033; e-mail: 
deposit@ccdc.cam.ac.uk). 
 
Trans-[(xylLMe)Rh(Ph)(µ-Br)]2 (2a): [LMeRh(coe)] (0.15 g) was dissolved in bromobenzene (0.5 
mL) and dry THF (0.1 mL) was added after which the solution was submitted to a dihydrogen 
atmosphere for one minute. Then the excess bromobenzene and the THF were removed in vacuo 
and the remaining solids were washed with dry hexane (3 mL). Recrystallisation from hot toluene 
yielded small red to purple crystals (0.115 g, 70%). Crystals suitable for X-ray analysis were 
obtained by slow crystallisation from C6D6. Elemental analysis calcd (%) for C54H60N4Br2Rh2 
(1130,72): C 57.36, H 5.35, N 4.95; found C 57.95, H 5.35, N 5.02; 1H NMR (200.13 MHz, 25ºC, 
C6D6): δ = 7.04 and 6.74 (m, 22H; m, p and Ph o,m,p), 5.37 (s, 2H; 3), 2.27 (s, 12H; o (opposite 
from Phenyl)), 1.57 (s, 12H; o’ (on Phenyl side)), 1.32 (s, 12H; 1); 13C {1H} NMR (100.62 MHz, 
25ºC, C6D6): δ = 156.7 (2), 148.8 (i), 139.0 (Ph i), 134.3 (o), 132.7 (o’), 126.2 (Ph o), 125.5 (p’), 
124.2 (Ph m), (m, m', and Ph p, probably under C6D6 (broad at 128 ppm)), 98.9 (3), 23.4 (1), 19.5 
(o-Me), 19.3 (o’-Me). 
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Trans-[(xylLMe)Rh(Ph)(µ-Cl)]2 (2b): This compound was prepared in the same way as 2a, but 
using chlorobenzene instead of bromobenzene. Yield 0.10 g (62%) of red to purple crystals. 
Elemental analysis calcd (%) for C54H60N4Cl2Rh2 (1041,81): C 62.25, H 5.81, N 5.38; found C 
62.37, H 5.77, N 5.32; 1H NMR (200.13 MHz, 25ºC, [D8]THF): δ = 6.98-6.43 (m, 22H; m, p and Ph 
o, m, p), 5.52 (s, 2H; 3), 2.49, 2.16 (s, 12H each, o, o’), 1.59 (s, 12H; 1); 13C {1H} NMR (50.32 
MHz, 25ºC, [D8]THF): δ = 157.32 (2), 149.28 (i), 139.4 (Ph i), 134.75 and 133.32 (o, o’), 130.55 
(Ph p), 129.30 and 128.07 (m, m’), 126.42 (Ph o), 125.98 (p), 124.30 (Ph m), 99.25 (3), 23.50 (1), 
19.78 and 19.41 (o-Me, o’-Me). 
 
[{(xylLMe)Rh}2(anti-µ-η4:η4-C6H5F)] (3): [LMeRh(coe)] (0.278 g, 0.54 mmol) was dissolved in dry 
fluorobenzene (2 mL) and some dry THF (0.05 mL) was added after which the reaction mixture 
was placed in a dihydrogen atmosphere for one minute. Then the solvents were removed in vacuo 
and the resulting dark red residue was recrystallised from warm THF (2-3 mL). A dark purplish red 
microcrystalline powder was obtained (0.13 g, 53%). Recrystallisation from THF yielded a few 
small crystals one of which was used for X-ray analysis. Elemental analysis calcd (%) for 
C48H55N4Rh2F (912.801): C 63.16, H 6.07, N 6.14; found C 63.06, H 6.17, N 6.06; 1H NMR 
(500.13 MHz, 25ºC, [D8]THF): δ = 6.97 (d, J = 8Hz, 8H; m), 6.86 (t, J = 8Hz, 4H; p), 4.89 (s, 2H; 
3), 3.53 (m, 1H; PhF p), 2.07 (s, 24H; o-Me), 1.55 (td, J1 = 2 Hz, J2 = 5 Hz, 2H; PhF m), 1.43 (s, 
12H; 1), 0.92 (dd, J1 = 2 Hz, J2 = 5Hz, 2H; PhF o); 13C{1H} NMR (125.76 MHz, 25ºC, [D8]THF) δ 
= 158.09 (2), 156.56 (i), 133.47 (o), 129.66 (m), 126.27 (p), 99.74 (3), 69.57 (small, t, 4JC,F = 3 Hz, 
PhF p), 63.74 (td, 3JC,F = 6 Hz, JC,Rh = 2 Hz, PhF m), 50.68 (dt, JC,F = 16.1 Hz, JC,Rh = 5 Hz, PhF o), 
23.67 (1), 20.47 (o-Me), C-F not observed. 
 
[(xylLMe)Rh(η4-C6H5F)] (4): [LMeRh(coe)] (0.91 g) was dissolved in fluorobenzene (0.5 mL) and 
some dry THF (0.05 mL) was added after which the mixture was submitted to a dihydrogen 
atmosphere for one minute. The THF and the excess fluorobenzene were immediately removed in 
vacuo while no heating was applied in order to let the mixture cool down by the evaporation 
process. After all the liquid was removed the remaining solids were cooled to –78ºC and at this 
temperature dissolved in [D8]THF (0.5 mL). The cooled solution was transferred to a precooled 
NMR tube and NMR was measured at various temperatures in the range –50ºC to 25ºC. At low 
temperature the product mixture contained both the η4-aryl and the µ-η4:η4-sandwich aryl 
complexes in a ratio of 5:1. Upon warming to room temperature the complete conversion of the η4-
aryl into the µ-η4:η4-sandwich aryl complex 3 was observed. 1H NMR ([D8]THF, –50ºC, 500.13 
MHz): δ = 7.15 (d, J = 7.4 Hz, 4H; m), 6.85 (t, J = 7.4 Hz, 2H; p), 5.44 (t, J = 4.7 Hz, 1H; PhF p), 
4.96 (s, 1H; 3), 4.16 (m, 2H; PhF o), 3.20 (t, J = 5.8 Hz, 2H; PhF m), 2.30 (s, 12H; o-Me), 1.52 (s, 
6H; 1); 13C{1H} NMR ([D8]THF, –30ºC, 125.76 MHz) δ = 163.6 (d, 1JC,F = 244.1 Hz, C-F), 156.5 
(i), 154.8 (2), 132.3 (o), 128.1 (m), 124.9 (p), 99.9 (3), 84.6 (d, 2JC,F = 24.7 Hz, PhF o), 80.2 (d, 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































[(xylLMe)Rh(Et2S)2] (5): [(xylLMe)Rh(coe)] (0.24 g) was dissolved in dry THF (2-3 mL) and 
diethylsulfide (0.5 mL, ±10 eq) were added with a syringe. After stirring for 30 minutes the reaction 
mixture was brought under a dihydrogen atmosphere for 5-10 minutes. Then the excess 
diethylsulfide and the THF were removed in vacuo. The solids were extracted with warm hexane 
(3-4 mL, 60oC). The hexane was concentrated to a volume of about 2 mL and stored at –20oC for a 
week. From the hexane extract a crop of dark crystals were obtained (0.08 g, 30%). Elemental 
analysis calcd for C29H45N2RhS2 (588.71): C 59.17, H 7.70, N 4.76; found C 58.99, H 7.77, N 4.95; 
1H NMR (500.13 MHz, 25ºC, [D8]THF): δ = 6.95-6.77 (m, 6H; m, p), 4.79 (s, 1H; 3), 2.39 (s, 12H; 
o-Me), 2.47 (q, J = 7.4 Hz, 8H; S-CH2), 1.27 (s, 6H; 1), 1.01 (t, J = 7.4 Hz, 12H; S-CH2-CH3); 13C 
{1H} NMR (50.32 MHz, 25ºC, [D8]THF): δ = 155.73 (i), 155.22 (2), 133.73 (o), 128.16 (m), 124.21 
(p), 98.42 (3), 29.49 (S-CH2), 23.76 (1), 19.84 (o-Me), 13.41 (S-CH2-CH3). 
 
[(xylLMe)Rh(η1-(S):η2-C3H5SMe)] (6): [(xylLMe)Rh(coe)] (0.19 g) was suspended in dry pentane (1-
2 mL) and allylmethylsulfide (1 mL) was added with a syringe. The mixture was stirred for 30 
minutes after which the pentane and the excess allylmethylsulfide were removed by filtration and 
the resulting yellow powder was washed with another mL of pentane. A bright yellow powder was 
obtained (0.16 g, 88%). A few crystals suitable for X-ray analaysis were obtained from a mixture of 
cyclohexane and toluene by partial evaporation in vacuo and subsequent cooling to -20ºC. 
Elemental analysis calcd (%) for C25H33N2RhS (496.52): C 60.48, H 6.70, N 5.64, S 6.46; found C 
60.18, H 6.64, N 5.57, S 6.23; 1H NMR (400.14 MHz, 25ºC, [D8]THF): δ = 7.02 and 6.97 (d, J = 
7.4 Hz, 2×1H; m, m’), 6.95 and 6.93 (d, J = 7.9 Hz, 2×1H; m’’, m’’’), 6.82 and 6.80 (t, J = 7.4 Hz, 
2×1H; p, p’), 4.94 (s, 1H; 3), 3.78 (ddd, 2JH;H = 13 Hz, J2 = 5.6 Hz, J3 = 1.6 Hz, 1H; CH2-S), 3.05 
(dd, 3Jtrans = 11 Hz, J2 = 2.6 Hz, 1H; CH=CH2), 2.78 (broad d, 2JH;H = 13 Hz, 1H; CH2-S), 1.83 (m, 
1H; CH=CH2), 1.71 (br d, 3Jcis ≅ 5 Hz, 1H; CH=CH2) 2.42, 2.33, 2.27, 2.11 (s, 3H each; o-Me, o’-
Me, o’’-Me, o’’’-Me), 1.56 and 1.43 (s, 3H each, 1, 1’), 0.96 (d, J = 1.6 Hz, SMe); 13C {1H} NMR 
(50.32 MHz, 25ºC, [D8]THF): δ = 157.52, 155.92 (i, i’), 154.16, 150.65 (2, 2’), 132.95, 132.57, 
132.47, 132.17 (o, o’, o’’, o’’’), 128.58, 128.36, 128.23, 128.09 (m, m’, m’’, m’’’), 124.72, 124.26 
(p, p’), 97.82 (d, JRh,C = 2.7 Hz, 3), 55.74 (d, JRh,C = 16.2 Hz, CH=CH2), 48.85 (d, JRh,C = 3.6 Hz, 
CH2-S), 41.33 (d, JRh,C = 9.9 Hz, CH=CH2), 24.02, 22.72 (1, 1’), 19.82, 19.65, 19.28, 18.76 (o, o’, 
o’’, o’’’ Me), 18.88 (SMe). 
 
[{(xylLMe)Rh}2(C4H4S)] (7): [LMeRh(coe)] (0.16 g) was suspended in dry hexane (1-2 mL) and 
thiophene (0.5 mL) was added with a syringe under vigorous stirring. After stirring for 30 minutes 
at room temperature the mixture was cooled to –20ºC. After a night in the freezer a brown 
microcrystalline powder was obtained, which was filtered and washed with some more hexane. 
(0.056 g, 40%) Elemental analysis calcd (%) for C46H54N4Rh2S (900.83): C 61.33, H 6.04, N 6.22, 
S 3.56; found C 59.48, H 6.09, N 5.93, S 3.38; 1H NMR (500.13 MHz, 25ºC, [D8]THF): δ = 8.44 (t, 
J1 = 5.1 Hz, JRh,H = 5.1 Hz, 1H; RhCH), 7.14-6.55 (m, 12H; m, m’, p), 5.42 (dd, J1 = 6.4 Hz, J2 = 
5.8 Hz, 1H; CH=CH-S), 5.30 (s, 1H; 3), 5.19 (s, 1H; 3’), 4.02 (d, J = 6.4 Hz, 1H; S-CH), 1.88 (dd, 
J1 = 5.1 Hz, 1H; Rh-CH=CH), 2.46, 2.30, 2.14, 2.09, 2.07, 2.02, 1.70, 1.61 (s, 3H each, 8× o-Me), 
1.50, 1.42, 1.48, 1.07 (s, 3H each, 4× 1); 13C {1H} NMR (50.32 MHz, 25ºC, [D8]THF): δ = 163.97 
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(dd, J1Rh,C = 34.4 Hz, J2Rh,C = 12.1 Hz, Rh-CH=CH), 162.7, 159.11, 157.81, 157.50, 157.12, 154.54, 
154.46, 151.66 (4× i, 4× 2), 136.62 (d, JRh,C = 3 Hz, S-CH=CH), 134.40 (d, JRh,C = 5.4 Hz, S-CH), 
134.90, 134.62, 133.39, 133.28, 131.10, 130.92, 130.73, 130.04 (8× o), 129.46, 129.19, 129.03, 
128.70, 128.08, 127.92, 127.80, 127.47 (8× m), 126.14, 125.15, 125.11, 124.17 (4× p), 100.65 (d, 
JRh,C = 2.4 Hz, 3), 99.83 (d, JRh,C = 3.0 Hz, 3’), 84.24 (d, JRh,C = 10.8 Hz, Rh-CH=CH), 25.02, 
23.61, 23.52, 22.91, 21.16, 20.78, 20.55, 20.38, 19.52, 18.93, 18.88, 18.21 (4× 1, 8× o-Me). 
 
[(xylLMe)Rh(η1(S)-dibenzo[b,d]thiophene)2] (8): [(xylLMe)Rh(coe)] (0.14 g) was dissolved in dry 
THF (2-3 mL) and a solution of dibenzothiophene (0.1 g, 2 eq) in THF (2-3 mL) was added. After 
30 minutes of stirring at room temperature the solvent was evaporated. By slow diffusion of hexane 
into a THF solution of the products some dark brown crystals were obtained. Single crystal X-ray 
analysis showed that the compound obtained was the bis(S-dibenzothiophene) complex. NMR data 
could not be obtained because upon dissolution the compound disproportionates to a mixture of π-
complexes 9 and 10 (see below) and free dibenzothiophene. Elemental analysis calcd (%) for 
C45H41N2RhS2 (776.86): C 69.67, H 5.32, N 3.61; found C 68.81, H 5.49, N 4.34. 
 
[{(xylLMe)Rh}2(anti-µ-η4(1,2,3,4):η4(6,7,8,9)-dibenzo[b,d]thiophene)] (9): [(xylLMe)Rh(coe)] (0.25 
g) was dissolved in dry THF (1-2 mL) and a solution of dbt (0.05 g, 0.5 eq) in THF (1 mL) was 
added. After stirring for 30 minutes the reaction mixture was evaporated in vacuo and the remaining 
solids washed with cool hexane. A dark brown powder was obtained. (0.12 g, 49%). 
Recrystallisation from warm THF afforded few crystals suitable for X-ray analysis. Elemental 
analysis calcd (%) for C54H58N4Rh2S: C 64.80, H 5.84, N 5.60; found C 64.72, H 5.64, N 5.52; 1H 
NMR (500.13 MHz, 25ºC, [D8]THF): δ = 7.03 (m) and 6.88 (m) (6H; m, p), 6.03 (t, J1 ≅ J2= 5 Hz, 
2H; dbt 5, 10), 5.91 (t, J1 ≅ J2 = 5 Hz, 2H; dbt 4, 11), 4.81 (s, 2H; 3), 2.07 and 1.97 (s, 2×6H; o-Me, 
o’-Me), 1.80 (dd, J1 = 1 Hz, J2 = 6 Hz, 2H; dbt 3, 12), 1.73 (dd, J1 = 1Hz, J2 = 6 Hz, 2H; dbt 6, 9), 
1.39 (s, 6H; 1); 13C {1H} NMR (50.32 MHz, 25ºC, [D8]THF): δ = 156.5 (2), 155.6 (i), 135.7 and 
134.2 (o, o’), 128.32 and 128.06 (m, m’), 124.95 (p), 99.97 (3), 80.88 and 79.80 (2×d, JRh,C = 8 Hz, 
dbt 4, 11, 10, 5), 70.16 and 69.00 (d, JRh,C = 8 Hz, dbt 3, 12, 6, 9), 21.68 (1), 18.92 and 18.56 (o-
Me). Ipso carbons of dbt not observed. 
 
[(xylLMe)Rh(η4(1,2,3,4)-dibenzo[b,d]thiophene)] (10) always disproportionates partially into 9 and 
free dbt (see text) and hence cannot be isolated. NMR parameters were obtained from solutions of 8 
(see above) by eliminating all peaks belonging to 10 and free dbt. 1H NMR ([D8]THF, 500.13 
MHz): δ = 7.51 (dt, J1 = 8 Hz, J2 = 1 Hz, 1H; dbt 11), 7.20 (m, J1 = 4 Hz, J2 = 1 Hz, 2H; dbt 9, 12), 
7.15 (dd, J1 = 8 Hz, J2 = 4Hz, 1H; dbt 10), 7.11 and 7.07 (d, J = 7 Hz, 2×2H; m, m’) 6.96 (t, J = 7 
Hz, 2H; p), 6.38 and 6.02 (tm, J1 ≅ 5 Hz, 2×1H; dbt 5, 4), 4.92 (s, 1H; 3), 2.51 and 2.25 (dd, J1 = 6 
Hz, J2 = 1 Hz, 2×1H; dbt 6, 3), 2.23, 2.10 (s, 2×3H; o-Me, o-‘Me) and 1.49 (s, 3H; 1); 13C {1H} 
NMR (50.32 MHz, 25ºC, [D8]THF,): δ = 156.5 (2), 155.6 (i), 140.24 (d, small, J = 3 Hz, dbt 13), 
134.77 (d, small, J = 3 Hz, dbt 8), 138.7 and 134.94 (o, o’), 128.42 and 128.31 (m, m’), 124.90 (p), 
125.07, 123.99, 123.38, and 120.45 (dbt 12, 9, 11, 10), 100.37 (3), 81.99 and 80.91 (d, JRh,C = 8 Hz, 
dbt 4, 5), 69.05 and 68.30 (partly under THF, d, JRh,C = 8 Hz, dbt 3, 6), 21.68 (1), 18.92 and 18.56 




[(xylLMe)Rh(Et2S)(H2)] (11): [(xylLMe)Rh(Et2S)2] 5 (0.01 g) dissolved in [D8]THF (0.5 mL) was 
exposed to a dihydrogen atmosphere for 18 hours. An NMR spectrum of the reaction mixture 
showed that a dihydrogen complex had been obtained in about 90% yield. Attempts at 
crystallisation of the product were unsuccessful, hence only the NMR data were recorded. 1H NMR 
(400.13 MHz, 25ºC, [D8]THF): δ = 6.99-6.89 (m, 6H; m, p), 4.96 (s, 1H; 3), 2.32 (s, 6H; o-Me), 
2.25 (s, 6H; o’-Me), 1.80 (q, J = 7.3 Hz, 4H; S-CH2), 1.56 (s, 3H; 1), 1.44 (s, 3H; 1’), 0.97 (t, J = 
7.3 Hz, 6H; S-CH2-CH3), –14.65 (d, JRh,H = 23.8 Hz, 2H; Rh-(H2)); 13C {1H} NMR (50.32 MHz, 
25ºC, [D8]THF): 158.29 (i), 157.51 (i’), 155.23 (2), 153.81 (2’), 132.7 (o), 131.17 (o’), 128.32 (m), 
128.24 (m’), 124.56 (p), 124.33 (p’), 97.94 (3), 34.05 (S-CH2), 23.05 (1), 21.85 (1’), 19.65 (o-Me), 
19.49 (o’-Me), 13.43 (S-CH2-CH3). 
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As was illustrated in chapter 2 the β-diiminate complex [(xylLMe)Rh(coe)] (LMe = 
(2,6-Me2C6H3)NC(CH3)CHC(CH3)N(2,6-Me2C6H3), coe = cis-cyclooctene) shows high and diverse 
reactivity towards several substrates and catalyses the hydrogenation of olefins. Bisoxazolinate 
ligands (Rn-box)- appeared to be promising candidates for extension of our studies of β-diiminates. 
A wide variety of bisoxazolines (Rn-box)H (Scheme 1) are easily accessible from the corresponding 
amino acids. Enantiomerically pure bisoxazolines can be obtained, by using enantiomerically pure 










β-Diimine (xylLMeH) Bisoxazoline ((Rn-box)H)  
Scheme 1. The xylLMeH and (Rn-box)H ligands. (n = 2 when R’ = H, n = 4 when R = R’) 
 
This feature of the bisoxazolines is obviously of potential interest in catalysis, as witnessed by 
the increased interest in this type of ligands over the last decade.1 Applications of the bisoxazolines 
in enantioselective catalysis1, 2, 3 include: cyclopropanation of olefins,4, 5 reduction of ketones,6 
addition of nitro compounds to imines,7 Diels-Alder reaction,8, 9 asymmetric Henry reaction,10 aldol 
addition,11 and other reactions.12b-e The catalytic applications described in the literature involve 
neutral bisoxazolines,3-5, 7-12 but catalysis with anionic bisoxazolinates is emerging.4, 6, 7, 10, 12a 
                                                 
* Part of this chapter has been previously published: S. T. H. Willems, J. C Russcher, P. H. M. Budzelaar, B. de Bruin, 
R. de Gelder, J. M. M. Smits, A. W. Gal, Chem. Commun. 2002, 148-149. 
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Enantioselective hydrogenation can be envisioned with the chiral bisoxazolinate ligands, in view of 
the hydrogenation activity of [(xylLMe)Rh(coe)] and [(xylLMe)Rh(C2H4)2]. 
In the present work, only bisoxazolines containing an unsubstituted central carbon atom were 

















R2-b x R4-box  
Scheme 2. Bisoxazolinates (Rn-box-) used in this study. (R2-box: R = Me, i-Pr, t-Bu, Ph, Bz; R4-box: 
R = Me) 
 
The neutral ligands ((box)H), like β-diimines, can occur in the imine and enamine tautomeric 
forms. He(I) photoelectron (PE) spectra and 1H-NMR spectra of the 4,4’-tert-butyl substituted 
bisoxazoline (t-Bu2-box, see scheme 2) demonstrated that for bisoxazolines the imine tautomer 
(shown for (Rn-box)H in scheme 1) is the preferred tautomer.14 This is in contrast with the 
β-diimines that show a clear preference for the enamine tautomer. It is not immediately clear 
whether this means that for box ligands the central carbon is more basic or the nitrogens are less 
basic than for β-diiminates. 
 
Synthesis of ligands and complexes 
The bisoxazoline ligands (Rn-box)H are prepared from amino alcohols that are obtained by a 
standard reduction of the corresponding amino acids with sodium borohydride.15 In general the 
amino alcohol is coupled with malonyl dichloride15 or diethylmalonate16 to obtain the 
malonyldiamide. The cyclisation of the diamide to the bisoxazoline can be effected either by 
tosylating15 or chlorinating16 the diamide hydroxy groups followed by treatment with a base, or 
catalytically with dichlorodimethylstannane.4d  
We found that coupling of an amino alcohol with diethylmalonate, followed by catalytic 


























Scheme 3. Synthesis of the bisoxazolines with a methylene bridge. 
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The procedure used to obtain the rhodium olefin complexes of the bisoxazolinates is to 
convert the neutral ligands (Rn-box)H into their lithium salts with lithium diisopropylamide (LDA) 
in THF, followed by reaction of the lithium salts with a rhodium olefin chloride precursor 
([(µ-Cl)Rh(monoolefin)2]2 or [(µ-Cl)Rh(diolefin)]2) in THF.17 
 
 
3.2 Phenyl and benzyl substituted bisoxazolinate complexes 
 
Bis(ethene) complexes 
Both [(Ph2-box)Rh(C2H4)2] 1 and [(Bz2-box)Rh(C2H4)2] 2 were easily obtained and proved stable in 
THF. The complexes displayed similar stability and reactivity; only 1 was studied in detail. It could 










Figure 1. X-ray structure of 1. Selected bond lengths [Å] and angles [º]: Rh1-N11 2.056(7), Rh1-
N1 2.070(8), Rh1-C33 2.108(10), Rh1-C31 2.127(9), Rh1-C34 2.136(9), Rh1-C32 2.137(9), C31-
C32 1.396(15), C33-C34 1.390(15), N11-Rh1-N1 88.5(3), N1-Rh1-C31 151.6(4), N11-Rh1-C34 
149.6(4), N1-Rh1-C(32) 170.1(3), N11-Rh1-C(33) 172.1(4). 
 
The structure shows that both ethenes have moved away from their ideal position in a square 
planar geometry in a conrotatory fashion. This type of deformation can be quantified by taking the 
difference between the angles (α and β) subtended at rhodium by each of the carbons of one ethene 




Rh N = ∆ (Colefin-Rh-Ntrans)trans
α
β  




The rather large values of 18.7° and 22.6° found for 1 are similar to those previously reported 
for [(Me2-box)Rh(ethene)2] (19.8° and 21.4°).17 This suggests that the degree of steric congestion in 
the phenyl substituted complex 1 is similar to that of the methyl substituted complex 
[(Me2-box)Rh(ethene)2].  
As for [(Me2-box)Rh(ethene)2], the 1H NMR data of both 1 and 2 show four distinct sharp 
signals for the ethene fragments. This indicates that rotation of the ethenes is blocked in solution at 
room temperature. This is not surprising as we previously found for the achiral [(xylLMe)Rh(C2H4)2] 
that the deviation from planarity is likely to be caused by repulsion between the ethene hydrogens 
as a result of the steric demand of the ligand.20 The presence of only one signal for the ethene in the 
1H NMR spectrum of acetylacetonato-rhodium-bis(ethene),21 shows that in the absence of a 
sterically demanding ligand the ethene rapidly rotates. This rotation is almost completely frozen out 
at -58ºC, resulting in two different ethene signals. 
 
Complexes of other olefins 
As expected the norbornadiene (nbd) complex [(Ph2-box)Rh(nbd)] forms readily and is stable in 
THF.  
Given the high reactivity of [(xylLMe)Rh(coe)], the cis-cyclooctene complex 
[(Ph2-box)Rh(coe)] would be more interesting. Unfortunately, attempts to synthesise this complex 
resulted in a labile product which decomposed completely during its extraction with warm 
cyclohexane. Since the reactivity of the bis(ethene) complex [(xylLMe)Rh(C2H4)2] has been found to 
be similar to that of the cyclooctene complex [(xylLMe)Rh(coe)], after treatment with hydrogen, we 
studied the reactivity of bis(ethene) complex 1. 
 
Reactivity of [(Ph2-box)Rh(C2H4)2] 1 
Prolonged heating (hours) of complex 1 in the presence of approx. 50 equivalents of 
cis-cyclooctene in [D8]THF under hydrogen at 50°C, results in hydrogenation of cyclooctene to 
cyclooctane. 1H NMR indicated afterwards that the bis(ethene) complex was still largely intact.  
Nanoclusters of rhodium(0) have been shown to catalyse the hydrogenation of benzene.22 It is 
likely that prolonged heating of 1 generates some rhodium(0) (See also section 3.3, scheme 4). It 
appears that 1 does not directly yield an active compound, other than rhodium(0), under these 
conditions. 
When a solution of 1 in benzene, toluene or o-xylene was submitted to a hydrogen 
atmosphere, some hydrogenation to the corresponding cyclohexanes was observed at 60°C. In this 
case, however, in two to five days the corresponding 1,3-cyclohexadiene complexes (Figure 3, a, b, 
c respectively) were obtained. They were identified by 1D and 2D (C/H corr.) NMR. In the case of 
toluene and xylene, the 2-methyl-1,3-cyclohexadiene and 2,3-dimethyl-1,3-cyclohexadiene were 
obtained selectively. In addition to this chemoselectivity, the complex also exhibits a preference for 
one face of 2-methyl-cyclohexadiene derived from toluene; only one stereoisomer (diastereomer b 
shown in figure 3 is most likely to be formed) is observed by 1H and 13C NMR. Ph2-box thus 
induces stereoselectivity in a stoichiometric hydrogenation. 
 

























c   
Figure 3. Preferential coordination of 1,3-cyclohexadiene (a), 2-methyl-1,3-cyclohexadiene (b), 
and 2,3-dimethyl-1,3-cyclohexadiene (c). 
 
 
3.3 t-Butyl substituted bisoxazolinate complexes 
 
[(t-Bu2-box)Rh(C2H4)2]: Spontaneous disproportionation to rhodium(II) 
Similar to the bis(ethene) complexes described above [(t-Bu2-box)Rh(C2H4)2] 3 was readily 
obtained and could be unambiguously identified by NMR. During a crystallisation from [D8]THF at 
–20oC, the dark brown solution of 3 gradually turned to deep purple in several weeks. Besides the 
signals of 3 that were already present, some very broad peaks slowly emerged in the 1H NMR 
spectrum, indicating the formation of a paramagnetic species. A few deep purple crystals formed in 
about two months. X-ray analysis (Figure 4) revealed that they contained the unexpected RhII 
complex [(t-Bu2-box)2Rh] 4. Complex 4 was easily prepared in about 60% isolated yield by heating 
a solution of 3 in THF or benzene for 45 minutes at 40°C (Scheme 4).  
The iridium(I) bis(ethene) complex of the tert-butyl ligand could also be obtained readily. It 





















Scheme 4. Disproportionation of [(t-Bu2-box)Rh(C2H4)2] to [(t-Bu-box)2RhII]. 
 
Rhodium usually occurs in the oxidation states RhI and RhIII. Isolated mononuclear 
rhodium(II) complexes are very rare, owing to the relative instability of the +2 oxidation state.23,24 
The formation of compound 4 was accompanied by precipitation of a black powder, identified as 
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rhodium(0) by elemental analysis; the amount formed corresponds to the presumed stoichiometry. 
Thus, complex 4 constitutes the first example of a fully characterised mononuclear rhodium(II) 







a b  
Figure 4. a) X-ray structure of [(t-Bu2-box)2RhII] 4; b) side view of the rhodium diiminate core. All 
hydrogens have been omitted. Selected bond lengths [Å] and angles [o]: Rh1-N31 2.037(2), Rh1-N1 
2.041(2), Rh1-N21 2.049(2), Rh1-N11 2.0511(18), N31-Rh1-N1 94.75(9), N31-Rh1-N21 89.80(10), 
N1-Rh1-N21 154.44(9), N31-Rh1-N11 153.84(8), N1-Rh1-N11 90.14(10), N21-Rh1-N11 96.78(10). 
The angle between the least-squares planes of the two box backbones (including the oxazoline 
rings) is 35.89(6)o. 
 
Structural features of complex 4 
As can be seen from the stripped sideview of 4 (Figure 4, b), the coordination geometry of the 
rhodium(II) centre is approximately halfway between square planar and tetrahedral. The observed 
twist is intriguing, since most other four-coordinate RhII-compounds, that have been structurally 
characterized, are square planar.26 DFT calculations† on the model compound [(H2-box)2RhII] (R = 
H, see scheme 2), which lacks the bulky t-Bu substituents of 4, indicate that the preferred geometry 
for rhodium(II) in an unhindered bis(box) ligand environment is actually the one observed in the 
crystal structure of 4. The optimised geometry for the rhodium(I) model compound [(H2-box)2RhI]- 
was also calculated. It was found to be nearly ideally square planar. Apparently the unusual twisted 
geometry of 4 stems from electronic effects.  
The HOMO of planar [(H2-box)2RhI]- consists of an anti-bonding combination of the metal dxz 
orbital and ligand π-orbitals (πΒ, see figure 5). Since this orbital is doubly occupied, there is no net 
π-bond with πB. Apparently the ligands are strong enough π-donors to lift (dxzπB)* above dz2.27 
                                                 
† For details see section 3.6. 




Figure 5. [(H2-box)2RhII] (R = H): SOMO of the optimised non-planar structure (left) and 
schematic electron configuration of the planar structure (right). 
 
The DFT calculations further suggest that the HOMO of [(H2-box)2RhI]- is nearly identical to 
the corresponding SOMO of planar [(H2-box)2RhII]. Since the latter orbital is only half-filled, a net 
π-bond-order of ½ results. Twisting of the structure allows for additional π-donation from the filled 
πA to the empty dxy. At the same time, on going from the square planar RhI geometry to the twisted 
RhII geometry, some of the Rh-N σ* character is transferred from the (previously empty) dxy to the 
(dxzπB)* SOMO. Since the (dxzπB)* orbital is only singly occupied, the cost of this σ-transfer is 
















The rhombic EPR spectrum of 4 in acetone/methanol (2:3) at 20K (Figure 6) was 
satisfactorily simulated with the g-values g1 = 1.947, g2 = 2.016, and g3 = 2.794. The spectrum 
reveals no resolved (super)hyperfine coupling with either rhodium or nitrogen. The rather broad 
signals might, however, originate from underlying hyperfine couplings. Assuming a superhyperfine 
coupling with 4 equivalent nitrogen donor atoms, we estimate maximum superhyperfine coupling 
constants of 30 MHz for g1, 20 MHz for g2 and 75 MHz for g3. 
 
Reactivity of complex 4 
Complex 4 is stable at room temperature under inert gas, but slowly decomposes in air over months. 
In THF no apparent reaction is observed with either H2 or CO. The reaction with O2 takes several 
hours and leads to decomposition. Shielding of the RhII centre by the ligand t-butyl groups probably 
causes the low reactivity of 4. 
The cyclic voltammogram of 4 (Figure 7) shows a quasi reversible oxidation / reduction 
couple (probably RhI / RhII) at E½ = –1.27 V (vs Fc/Fc+). Scanning in positive direction reveals a 
seemingly irreversible oxidation wave at the anode (Epanode = 0.48 V) followed by a quasi reversible 
couple at E½ = 1.40 V. In the reverse direction a very broad cathodic wave is observed at E
p
cathode = 
-0.30 V, which is probably related to the irreversible anodic wave at 0.48 V. Multiple scans over the 
apparently irreversible couple of the oxidation at Epanode = 0.48 V and the reduction at E
p
cathode = 
-0.30 V do not alter the quasi reversible couples at E½ = –1.27 V and E½ = 1.40 V. Apparently, the 
irreversible electrochemical couple (Epanode = 0.48 V / E
p
cathode = -0.30 V) is the result of an overall 
reversible chemical process, possibly an ECEC mechanism.  
 
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
E (V) vs Fc/Fc+
 
Figure 7. Cyclic voltammogram of 4. (0.10 M N(n-Bu)4PF6 in acetonitrile; Pt electrode; room 
temperature; scan rate 50 mVs-1. Epanode1 = 486 mV, E
p
anode2 = 1450 mV, Ec = -1297 mV vs Fc/Fc+) 
 
When complex 4 was oxidised with AgPF6 in CD3CN, a diamagnetic species was obtained 
with C2 symmetry according to 1H NMR. One structure compatible with this observation would be 
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an approximately square pyramidal rhodium(III) complex with two bisoxazolinate units at the base 

















Scheme 5. Possible complex resulting from oxidation of 4 with AgPF6. 
 
However, the cyclic voltammogram of this rhodium(III) compound is completely different 
from that of 4, and hence does not allow us to draw any conclusions on the exact nature of the 
processes involved in the CV of 4. 
 
 
3.4 Other bisoxazolinate complexes 
 
i-Pr2-box, Me2-box and Me4-box rhodium bis(ethene) complexes  
Although [(i-Pr2-box)Rh(C2H4)2] 5 could be identified by 1H and 13C NMR it turned out to be less 
stable than its tert-butyl counterpart and decayed within several hours. Since the diamagnetic 
signals broadened and disappeared in the 1H NMR spectrum, a disproportionation similar to that of 
3 was suspected. However, the preparative procedure applied for complex 4 did not yield the 
analogous isopropyl complex [(i-Pr2-box)2RhII]; all attempts at isolating a rhodium(II) species 
failed. The resulting product mixture showed a single EPR signal around g = 4.5, indicating that 
possibly some organic radical is formed. 
Whereas 5 could be identified by NMR, the corresponding Me2-box and Me4-box complexes 
were decomposed almost immediately after formation. In the case of Me2-box a bis(ethene) species 
was observed immediately after mixing of the reagents. However, it rapidly disappeared to give a 
1H NMR spectrum similar to that of 5 after decomposition. The X-ray structure of 
[(Me2-box)Rh(C2H4)2] has been reported.17 The complex was obtained by working under an ethene 
atmosphere in pentane.28 In view of its lability, we decided not to investigate any possible reactivity 
in olefin hydrogenation or other reactions. 
The Me4-box rhodium bis(ethene) complex could not be observed at all. When, however, the 
synthesis was carried out using [(Cl)IrI(C2H4)4] a stable bis(ethene) complex (6) was obtained. 
Crystals of this iridium complex (Figure 8) were obtained from hot toluene. The complex 












Figure 8. Structure of [(Me4-box)Ir(C2H4)2] 6. Selected bond lengths [Å] and angles [°]: Ir1-N1 
2.099(5), Ir1-C32 2.102(6,), Ir1-C33 2.102(7), Ir1-C34 2.107(7), Ir1-N11 2.123(5), Ir1-C31 
2.129(7), C31-C32 1.417(10), C33-C34 1.413(11), N1-Ir1-C32 144.8(3), N1-Ir1-N11 90.9(2), C33-
Ir1-N11 147.0(3), C34-Ir1-N11 172.9(3), N1-Ir1-C31 174.8(3). 
 
The ethene molecules in [(Me4-box)Ir(C2H4)2] 6 have moved away from ideal perpendicular 
geometry, as in [(Ph2-box)Rh(C2H4)2] (1). In comparison to the structure of 1 and 
[(Me2-box)Rh(C2H4)2],17 6 exhibits an exceptionally large displacement of the ethenes. The 
∆(Cethene-Rh-Ntrans) (See figure 2) of 6 are 30.0° and 25.9° for the two ethenes (c.f. 18.7° and 22.6° 
for 1, 19.8° and 21.4° for [(Me2-box)Rh(C2H4)2]). The four methyl groups in 6 force the ethenes out 
of the square planar geometry to a larger extent than the two phenyl groups in 1 and the two methyl 
groups in [(Me2-box)Rh(C2H4)2]. This is probably due to an ‘interlocking’ arrangement of the 












Figure 9. Spacefilling representation of 6. View on the ethene molecules. 
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The twist in the bisoxazolinate backbone differs only marginally among the three 
bisoxazolinate complexes (1, 6 and [(Me2-box)Rh(C2H4)2]). The only other bis(ethene) complex 
that exhibits a comparable distortion is [(xylLMe)Rh(C2H4)2] (∆(Cethene-Rh-Ntrans) = 24.5° and 24.4° 
resp.). All other examples of rhodium or iridium ethene complexes in the Cambridge Structural 
Database have a ∆(Cethene-Rh-Ntrans) angle below 10 degrees.29 It was already shown that the arene 
‘walls’ of the xylLMe ligand (See scheme 1) strongly repel other coordinated fragments.20  
 
 
Complexes of other olefins 
The i-Pr2-box rhodium norbornadiene (nbd) complex [(i-Pr2-box)Rh(nbd)] was obtained without 
problems and proved stable in solution. It was characterised unambiguously by 1H and 13C NMR. 
Synthesis of the cis-cyclooctadiene (cod) complex [(i-Pr2-box)Rh(cod)] via the reaction 
between [(i-Pr2-box)Li] and [(µ-Cl)Rh(cod)]2 was very slow, even in refluxing THF. The complex 
could, however, readily be obtained via [(i-Pr2-box)Rh(C2H4)2]. Immediately after the bis(ethene) 
complex had formed, the solution was concentrated. The complex was then dissolved in pure 
cyclooctadiene under H2 and stirred for 3 hrs at 50°C. After the cod had been removed in vacuo the 
stable cod complex was identified by NMR. 
Whereas the Me4-box bis(ethene) complex proved very unstable and could not be isolated, the 
corresponding norbornadiene complex (7) was obtained without problems. After removal of the 
lithiumchloride, crystals were obtained from the benzene solution at 6°C (Figure 10). 
The crystal structure does not exhibit any unusual structural features. The Rh-C distances and 
the nbd C-C distances of 7 are normal for square planar four-coordinate rhodium nbd complexes 
having one bidentate or two monodentate N-ligands. The nbd double bonds have conrotated, i.e. the 
centerpoints of the C=C bonds are not in the N-Rh-N plane. The difference in Cnbd-Rh-Ntrans angle, 
used before to quantify the rolling distortion in the corresponding ethene complexes, does not allow 
a direct comparison with the ethene complexes as the two double bonds of nbd cannot move 
independently. Nonetheless this ∆(Cnbd-Rh-Ntrans) provides an estimate of the degree of distortion 
and allows comparison among nbd complexes. In the case of 7 an intermediate distortion 
(∆(Cnbd-Rh-Ntrans) = 9.31° and 11.65°), with respect to other N2--ligand or (N-ligand)2 complexes, is 
observed.  
A space-filling representation of the structure of 7 (not shown) clearly shows that the the nbd 
HC=CH moieties are interlocked by the (hydrogens of the) Me4-box methyl groups. Thus, as for 
[(Me4-box)Ir(C2H4)2] 6, the deviation from planarity of the nbd moiety can be ascribed to the 
relatively high steric demand of the Me4-box ligand. 
The Me4-box rhodium cyclooctadiene complex could not be obtained via the direct reaction 
of the lithium salt and [(µ-Cl)Rh(cod)]2. We did not attempt to obtain the rhodium cod complexes 










O4 O8  
Figure 10. X-ray structure of 7. Only one of two crystallographically independent molecules is 
shown. Selected bond lengths [Å] and angles [o]: Rh1-N11 2.099(2), Rh1-N1 2.104(2), Rh1-C33 
2.125(3), Rh1-C31 2.126(3), Rh1-C34 2.127(3), Rh1-C32 2.128(3), C31-C32 1.393(4), C33-C34 
1.398(5), N11-Rh1-N1 90.04(8), N11-Rh1-C33 152.47(11), N1-Rh1-C31 163.47(10), N11-Rh1-C34 





The reactivity of the rhodium bisoxazolinate complexes is rather different from that observed for 
[(xylLMe)Rh(coe)]. No relevant catalytic hydrogenation was observed with the stable bisoxazolinate 
complexes. [(Ph2-box)Rh(C2H4)2] 1, however, did display a chemoselective stoichiometric 
hydrogenation of arenes, resulting in cyclohexadiene complexes. Furthermore the substituted 
cyclohexadiene fragment obtained from toluene was coordinated in one single preferred orientation, 
demonstrating that the use of bisoxazolinates can indeed result in stereoselective reactivity. 
Several bisoxazolinate bis(ethene) complexes were too unstable to be isolated. Only the 
phenyl and benzyl substituted analogues proved stable. The t-Bu substituted bisoxazolinate proved 
still relatively stable, however, with the smaller substituents i-Pr and Me on the 4-position, fast 
decomposition prevented isolation of the compound. The substituents thus have a drastic influence 
on the stability of the resulting complexes.  
The data presented in this chapter do not allow us to draw any definite conclusions regarding 
the decomposition pathway of bisoxazolinate complexes. However, it is still possible to assemble a 
partial working hypothesis. 
[(Me2-box)Rh(C2H4)2] decomposes rapidly in solution, whereas it was stable enough for 
crystallisation under an ethylene atmosphere. This suggests that ethene dissociation is the step that 
initiates decomposition. In accordance with this hypothesis, the corresponding iridium complexes, 
where ethene dissociation should be more difficult, are also more stable. 
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The high stability of the Ph and Bz subtituted complexes, relative to the Me and i-Pr 
substituted ones, is remarkable. One possible interpretation is that upon ethene dissociation, the 
arene substituent coordinates to the metal, thus blocking the decomposition pathway. For this to 
work, the decomposition path must require more space then simple re-coordination of ethene. And 
if that is the case, increasing steric bulk distant from the metal (to form a sort of cavity around the 
metal) would stabilise the complex: this is indeed seen for the tert-butyl substituted analogue. 
Alternatively, it could be that only this distant hindrance is important in stabilising the tert-butyl, 
phenyl and benzyl subtituted complexes (and also the xylLMe complex) relative to 
[(Me2-box)Rh(C2H4)2] and [(i-Pr2-box)Rh(C2H4)2]. On the other hand, increased steric hindrance 
close to the metal promotes ethene dissociation and hence destabilises the complex, as seen for the 
[(Me4-box)Rh(C2H4)2]. The exceptionally large rolling distortion of the coordinated ethenes in 
[(Me4-box)Ir(C2H4)2] 6, especially compared to the distortion in 1, supports this view. 
Clean formation of a rhodium(II) complex was only observed for [(t-Bu2-box)Rh(C2H4)2]. 
Clearly, if this is possible for the tert-butyl ligand there are no significant steric factors impeding its 
formation for the isopropyl and methyl substituted ligands. Thus, it seems that rhodium(II) 
formation occurs for [(t-Bu2-box)Rh(C2H4)2] because alternative decomposition pathways, like that 
leading to the organic polymer probably formed in the isopropyl case (see first subsection of section 
3.4), are blocked for the tert-butyl complex. Slow decomposition of [(t-Bu2-box)Rh(C2H4)2] might 
be the crucial factor. The concentration of the initial decomposition product (presumably 
[(box)Rh(C2H4)] or even [(box)Rh] will in such a case always be low, so one would most likely get 
a reaction between this initial product and starting material, leading to clean ligand transfer, 
whereas for the systems with faster decomposition, bimolecular reactions between two molecules of 
[(box)Rh(C2H4)] could lead to coupling of the organic fragments (apart from aselective 
decomposition reactions with e.g. the solvent). Alternatively, the bulk of the ligand might protect 
the [(t-Bu2-box)2RhII] product from further attack by [(t-Bu2-box)Rh(C2H4)]. These hypotheses 
could be distinguished by following the decomposition reactions at different concentrations of 
ethene. 
One other remarkable result obtained in this work is that it is sometimes difficult to prepare a 
[(Rn-box)Rh(cod)] complex from [(Rn-box)Li] and [(µ-Cl)Rh(cod)]2, even though that same 
complex is in itself stable and can be prepared from [(Rn-box)Rh(C2H4)2] and cod. This suggests 
that formation of the rhodium complex from [(Rn-box)Li] and [(µ-Cl)Rh(cod)]2 occurs in a partially 
associative mechanism involving a step that requires more space around rhodium than is needed in 
the final product. With the slightly smaller norbornadiene ligand stable complexes are obtained 
directly without problems, thus underlining the effect of slight variations in steric demand of the 
ligand and the accompanying size selectivity. This should be taken into account when designing 
bulky ligands e.g. for use in hydrogenation catalysis. 
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3.6 Experimental section 
 
General remarks: All manipulations were carried out in an argon atmosphere under standard 
Schlenk conditions. All solvents (including the deuterosolvents) were distilled from 
Na/Benzophenone prior to use. 2,2'-Methylenebis{(4S)-4-tert-butyl-2-oxazoline} ({t-Bu2-box}H) 
was used as purchased (Aldrich). The other bisoxazoline ligands (R/R’ = Me/H; Me/Me; i-Pr/H; 
Ph/H, Bz/H) were prepared from the corresponding amino acids following literature procedures for 
the reduction to the aminoalcohol,15 the conversion to a bis(hydroxyalkylamide) with 
diethylmalonate,16 and the subsequent ring closure.4d NMR measurements were performed on the 
following spectrometers: Bruker DPX200 and Varian VXR200S (200 Mhz), Bruker AC300 
(300MHz), Bruker AN400 and Varian Inova400 (400MHz), Bruker AVANCE DRX500 (500 
MHz).  
 
Computational details: Calculations were carried out using the Spartan v5.1.3 software package, 
applying a pBP functional with a DN basis. The structures of [(box)2RhII] and [(box)2RhI]- were 
fully optimised without constraints. For the optimisation of the planar structure of [(box)2RhII], the 
four nitrogen atoms of the ligands were forced to remain coplanar. 
 
Crystal structure determinations: Crystals were mounted in thin-walled glass capillaries under 
Ar. Details of all structure determinations are collected in table 1. Since the glass capillaries 
prevented accurate descriptions of the crystal shape, semi empirical absorption corrections30 were 
applied for crystals except those of 4. Structures 1, 6, and 7 were solved using the PATTY option 31 
of the DIRDIF-96 program system.32 Structure 4 was solved using the SIR97 program.33 
Refinements were carried out with the SHELXL-97 package.34 All non-hydrogen atoms were 
refined with anisotropic temperature factors. The hydrogen atoms were placed at calculated 
positions, and refined isotropically in riding mode. For structures 1, 4 and 7 the hydrogen atoms 
were subsequently refined freely, except the hydrogens attached to C3B, C12B and C13B of 
structure 7, which had to be put on calculated positions because of the larger than average 
anisotropic displacement parameters of these atoms. All refinements were full-matrix least-squares 
on F2. Geometrical calculations were carried out with the PLATON-93 program35 and did not 
reveal unusual geometric features, nor unusual short intermolecular contacts. Moreover, the 
calculations revealed no higher symmetry and no solvent accessible areas. Crystallographic data 
(excluding structure factors) for the structures of 1 and 4 have been deposited with the Cambridge 
Crystallographic Data Centre. (For publication numbers see table 1). Copies of the data can be 
obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 
(+44) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk). 
 
General procedure and analytical data for the bisoxazoline ligands: The cyclisation of the 
diamide to the bisoxazoline was carried out as follows;4d To 10 mmole of the corresponding 
malonyldiamide in 100 mL of o-xylene was added 80 mg of dichlorodimethylstannane 
(Sn(CH3)2Cl2). The mixture was refluxed for 72 hours applying a Dean-Stark trap. Then the 
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solvents was removed in vacuo and the resulting yellow oil was filtered to remove the 
(Sn(CH3)2Cl2). (Typical yield ca. 70%). 
2,2'-Methylenebis{(4S)-4-phenyl-2-oxazoline} (H{Ph2-box}):4b 1H NMR (200.13 MHz, 25ºC, 
CDCl3): δ (ppm) = 7.32 (m, 10H, phenyl o, m, p), 5.28 (dd, J1 ≅ J2 ≅ 9.0 Hz, 2H, CH(C6H5)), 4.52 
(dd, J = 10.0 Hz, 2H; OCHaHb), 4.04 (t, J = 8.1 Hz, 2H; OCHaHb), 3.43 (s, 2H, CH2(CN)2); 13C 
NMR (50.32 MHz, 25ºC, CDCl3): δ (ppm) = 165.4 (phenyl ipso), 162.6 (OCN), 127.1, 126.1, 125.4 
(phenyl o, m, p), 74,86 (CHPh), 74.19 (CH2(CN)2), 69.18 (OCH2). 2,2'-Methylenebis{(4S)-4-
benzyl-2-oxazoline} (H{Bz2-box}):4b 1H NMR (200.13 MHz, 25ºC, CDCl3): δ (ppm) = 7.10-7.25 
(m, ~10H; phenyl o, m, p), 4.43 (m, 2H; CHCH2Ph), 4.23 (t, J = 8.8 Hz, 2H; PhCHaHb), 4.01 (t, J = 
7.8 Hz, 2H; PhCHaHb), 3.32 (s, 2H; CH2(CN)2), 3.11 (dd, J1 = 14 Hz, J2 = 5.3 Hz, 2H; OCHaHb), 
2.67 (dd, J1 = 14 Hz, J2 = 8.4 Hz; OCHaHb). 2,2'-Methylenebis{(4S)-4-tert-butyl-2-oxazoline} 
(H{t-Bu2-box}):4b 1H NMR (200.13 MHz, 25ºC, CDCl3): δ (ppm) = 4.18 (dd, J1 ≅ J2 ≅ 9.4 Hz, 2H; 
OCHaHb), 4.07 (t, J = 8.0 Hz, 2H; CH(t-Bu)), 3.85 (dd, J1 = 9.6 Hz, J2 = 8.0 Hz, 2H; OCHaHb), 
3.32 (s, 2H; CH2(CN)2), 0.86 (s, 18H; CH3); 13C NMR (50.32 MHz, 25ºC, CDCl3): δ (ppm) = 161.3 
(OCN), 75.6 (CH2O), 68.9(C(CN)2), 33.5 (t-Bu-CH), 28.2 (C(CH3)3), 25.6 (C(CH3)3). 2,2'-
Methylenebis{(4S)-4-isopropyl-2-oxazoline} (H{i-Pr2-box}):4b 1H NMR (200.13 MHz, 25ºC, 
CDCl3): δ (ppm) = 4.24 (m, 2H; CH2O), 4.01 – 3.85 (m, 4H; CH2O and CH(i-Pr)), 3.31 (s, 2H; 
CH2(CN)2), 1.72 (m, 2H; CH(CH3)2), 0.88 (dd, J1 = 7.1 Hz, J2 = 14.4 Hz, 12H; CH3); 13C NMR 
(50.32 MHz, 25ºC, CDCl3): δ (ppm) = 160.1 (OCN), 70.7 (CH2O), 68.9 (C(CN)2), 31.1 (i-Pr-CH), 
26.7 (CH(CH3)2), 17.0 (CH3), 16.7 (CH3). 2,2'-Methylenebis{(4S)-4-methyl-2-oxazoline} 
(H{Me2-box}): 1H NMR (200.13 MHz, 25ºC, CDCl3): δ (ppm) = 4.54 (dd, J1 = 7.4 Hz, J2 = 9.4 Hz, 
2H; CH2O), 4.35 (m, 2H; CH(CH3)), 3.98 (dd, J1 = 7.8 Hz, J2 = 8.0 Hz, 2H; CH2O), 3.47 (s, 2H; 
CH2(CN)2), 1.41 (d, J = 6.3 Hz, 6H; CH3); 13C NMR (50.32 MHz, 25ºC, CDCl3): δ (ppm) = 160.6 
(OCN), 74.4 (CH2O), 61.5 (C(CN)2), 28.2 (CH(CH3), 21.3 (CH3). 2,2'-Methylenebis{(4,4-
dimethyl-2-oxazoline} (H{Me4-box}): 1H NMR (200.13 MHz, 25ºC, CDCl3): δ (ppm) = 3.93 (s, 
4H; CH2O), 3.27 (s, 2H; CH2(CN)2), 1.24 (s, 12H; CH3); 13C NMR (50.32 MHz, 25ºC, CDCl3): δ 
(ppm) = 160.0 (C=N), 79.4 (CH2O), 67.3 (C(CN)2), 28.8 (C(CH3)2), 28.1 (CH3). 
 
General procedure for lithium salts: Where the lithium boxate salts are not generated in situ they 
were prepared by adding equimolar amounts of diisopropylamine and butyllithium (1.6 M in 
hexane) to a solution of the bisoxazoline in THF at -78°C. After stirring for several minutes at 
-78°C the solution was allowed to warm up to room temperature and the THF was removed in 
vacuo. The lithium salts were used without further purification. In an attempt to recrystallise 
[(t-Bu2-boxate)2Li] from hot toluene the lithiumsalt precipitated after longer heating. This was 
attributed to the loss of a molecule of THF, coordinated to the lithium, resulting in a kind of toluene 
insoluble coordination polymer. Hence it was assumed that the crude lithium salts contain one 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































[(Ph2-box)Rh(ethene)2] (1): To a solution of the (Ph2-box)Li(THF) complex (1.5 g) in THF (15 
mL) was added a suspension of [di-µ-chlorotetrakis(η2-ethene)dirhodium(I)] (0.76 g, 1 equivalent) 
in THF (15 mL). After having stirred the mixture for 2 hours at room temperature the solvent was 
removed in vacuo and the remaining solids were redissolved in benzene. The benzene solution was 
filtered to remove the lithiumchloride generated during the reaction. After removing the benzene in 
vacuo a yellow powder remained (1.4 g (78%)). Crystals suitable for X-ray analysis were obtained 
by recrystallisation from warm benzene. Elemental analysis calcd. (%) for C23H25N2O2Rh (464.37): 
C 59.49, H 5.43, N 6.03; found: C 59.19, H 5.41, N 6.00; 1H NMR (200.13 MHz, 25ºC, C6D6): δ 
(ppm) = 7.30-7.11 (m, 10H; phenyl o, m, p), 5.36 (s, 1H; ((NC)2CH), 4.62 (d, 2H; OCHaHb), 3.92-
3.80 (m, 4H; OCHaHb and Ph-CH), 3.64 (m, 4H; ethene HaC=CHb), 2.89 (m, 2H; ethene C=CHc), 
0.91 (m, 2H; ethene C=CHd); 13C {1H} NMR (50.32 MHz, 25ºC, C6D6): δ (ppm) = 172.5 (OCN), 
146.5 (phenyl i), 129.6, 129.0, and 126.5 (phenyl o, m, p), 75.0 (OCH2), 65.6 (d, JRh,C = 11.8 Hz; 
ethene Ca), 64.6 (Ph-CH), 59.9 ((NC)2CH), 55.5 (d, JRh,C = 10.8 Hz; ethene Cb). 
 
[2,2'-Methylenebis{(4S)-4-phenyl-2-oxazolinylmethanato}-(η2:η2-norbornadiene)-rhodium(I)] 
[(Ph2-box)Rh(nbd)]: To a solution of H(Ph2-box) (313 mg) in 4-5 mL THF, at -78ºC, were 
subsequently added 0.12 mL of diisopropylamine and 0.56 mL of a butyllithium solution (1.6 M) in 
hexane. This solution was added to a suspension of [di-µ-chlorobis-
(η2:η2-norbornadiene)dirhodium(I)] (236 mg) at -78ºC. After stirring the solution for two hours 
without cooling the solvent was removed in vacuo, and the solids were dissolved in benzene and 
filtered to remove lithiumchloride. After evaporating the benzene NMR spectra were taken. The 
product was obtained in >98% purity (NMR). 1H NMR (200.13 MHz, 25ºC; C6D6): δ (ppm) = 7.03 
(m, 10H; phenyl o, m, p), 5.09 (s, 1H, CH(CN)2), 4.40 (dd, J1 = 8.2 Hz , J2 = 2.7 Hz, 2H; PhCH), 
3.97 (t, J = 8.0 Hz, 2H; OCHaHb;), 3.65 (dd, J1 = 7.8 Hz, J2 = 2.7 Hz, 2H; OCHaHb), 3.32 (s, 2H, 
nbd C=CHa), 3.19 (s, 2H nbd C3CH), 2.88 (s, 2H, nbd C=CHb), 0.83 (s, 2H, nbd CH2); 13C NMR 
(100.62 MHz, 25ºC, C6D6): δ (ppm) = 171.4 (1C; OCN), 146.0 (1C; phenyl ipso), 128.7, 127.5, 
126.2 (phenyl o, m, p), 74.9 (2C; OCH2), 67.3 (2C; PhCH), 60.6 (1C; nbd CH2), 57.8 (1C; 
CH(CN)2), 54.5 (t, JRh,C = 10.0 Hz, 4C; 2×doublet nbd HC=CH), 50.2 (2C; nbd C3CH). 
 
[2,2'-Methylenebis{(4S)-4-benzyl-2-oxazolinylmethanato}-bis-(η2-ethene)-rhodium(I)] 
[(Bz2-box)Rh(ethene)2] (2): A solution of (Bz2-box)Li(THF) (268 mg) in THF (2-3 mL) was added 
to a suspension of [di-µ-chlorotetrakis(η2-ethene)dirhodium(I)] (126.4 mg) in THF (2-3 mL) at 
room temperature. After stirring for 30 min. the solvent was removed in vacuo. NMR spectra were 
taken of the crude mixture. 1H NMR (400.13 MHz, 25ºC, [D8]THF): δ (ppm) = 7.23-7.07 (m, 10H; 
phenyl o, m, p), 4.32 (s, 1H, CH(CN)2), 3.99 (d, J = 8.1 Hz, 2H; OCHaHb), 3.72 (m, 2H; 
CHCH2Ph), 3.65 (t, J = 6.9 Hz, 4H; 2C=CHa,b), 3.30 (dd, J1 = 11.9 Hz, J2 = 9.5 Hz, 2H, C=CHc or 
CHaHbPh), 3.05 (dd, J1 = 13.9, J2 = 2.0 Hz, 2H; OCHaHb), 2.92 (dd, J1 = 12.9, J2 = 8.7 Hz, 2H; 
C=CHc or CHaHbPh), 2.54 (dd, J1 = 13.9 Hz, J2 = 10.7 Hz, 2H; CHaHbPh ), 0.98 (dd, J1 = 13.6 Hz, 
J2 = 8.8 Hz, 2H; C=CHd);13C {1H} NMR (100.62 MHz, 25ºC, [D8]THF): δ (ppm) = 170.46 (2C; 
OCN), 139.02 (2C; phenyl ipso), 130.07 and 129.30 (2×4C; phenyl o, m), 127.18 (2C, phenyl p), 
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70.12 (2C; OCH2), 64.20 (d, JRh,C = 12.8 Hz, 2C; H2Ca=CbH2), 62.43 (2C; CHCH2Ph), 60.48 (1C; 
CH(CN)2), 51.82 (d, JRh,C = 11.8 Hz, 2C; H2Ca=CbH2), 43.61 (2C; CH2Ph). 
 
[(Ph2-box)Rh(1,3-cyclohexadiene)]: [(Ph2-Box)Rh(C2H4)2] (68 mg) was dissolved in 5 mL of 
benzene. The mixture was stirred for 120 hours under a hydrogen atmosphere (1 bar) at 60ºC. The 
solvent was removed in vacuo, leaving a yellow powder, which was immediately dissolved in 
[D8]THF for NMR studies. 1H NMR (500.13 MHz, -30ºC, [D8]THF): δ (ppm) = 7.32 – 7.13 (m, 
10H; phenyl o, m, p), 5.61 (dd, J1 ≅ 8.7 Hz, J2 ≅ 4.8 Hz, 1H; CH2O), 5.33 (d broad, J ≅ 6.8Hz, 1H; 
CH2O), 4.52 (t, J = 8.6 Hz, 1H; PhCHa), 4.45 (m, broad, 1H; diene HC=CHCH2), 4.39 (t, J = 8.1 
Hz, 1H; PhCHb), 4.20 (s, 1H; CH(CN)2), 4.01 (dd, 1H; CH2O), 3.89 (dd, 1H; CH2O), 3.35 (m, 
broad, 1H; diene HC=CHCH2), 3.06 (d broad, J ≅ 8.2 Hz, 1H; diene HC=CHCH2), 2.92 (m, broad, 
1H; diene HC=CHCH2), 1.30, 0.44, 0.25 and 0.14 (m, each 1H; diene CH2); 13C NMR (125.76 
MHz, -30ºC, [D8]THF): δ (ppm) = 170.9 and 170.6 (OCN), 147.9 and 147.3 (phenyl i), 128.9, 
128.8, 128.6, 128.4, 128.2, 127.1 and 126.5 (4×1C, 3×2C; phenyl o, m, p), 78.1 and 76.5 (2×d, JRh,C 
= 7.8 Hz, 1C each; cyclohexadiene HC=CHCH2), 75.2 and 75.0 (2×PhCH), 72.5, 72.0 (CH2O), 
66.3, 63.2 (2×d, JRh,C = 11.7 Hz, 1C each; HC=CHCH2), 57.4 (HC(CN)2). The cyclohexadiene CH2 
carbon resonances could not be unambiguously assigned because of several peaks in the aliphatic 
range that stemmed from hexane, THF and probably some decomposition products of the complex. 
Two peaks with each an integral near 1C (23.2 ppm and 20.8 ppm) have a shift that compares well 
to the other cyclohexadiene complexes (see below). 
 
[(Ph2-box)Rh(2-methyl-1,3-cyclohexadiene)]: [(Ph2-box)Rh(C2H4)2] (18 mg) was dissolved in 3 
mL of toluene. The mixture was stirred for 24 hours under a hydrogen atmosphere (1 bar) at 60ºC. 
The reaction mixture was filtered over silica / cotton to remove traces of metallic rhodium. The 
solvent was removed in vacuo, leaving a dark yellow solid, which was dissolved in [D8]THF for 
NMR studies. 1H NMR (400 MHz, 25ºC, [D8]THF): δ (ppm) = 7.15 – 7.39 (m, 10H; phenyl o, m, 
p), 5.55 (dd, J1 = 9.1 Hz, J2 = 4.8 Hz, 1H; CH2O), 5.38 (dd, J1 = 8.5 Hz, J2 = 2.1 Hz, 1H; CH2O), 
4.52 and 4.45 (t, J = 8.4 Hz, each 1H; PhCH), 4.21 (s, 1H, HC(CN)2), 4.03 (dd, J1 = 8.1 Hz, J2 = 2.7 
Hz, 1H; CH2O), 3.91 (dd, J1 ≅ 8 Hz, J2 ≅ 5 Hz, 1H; CH2O), 3.37 (m, 1H; HC=CHCH2), 2.90 (d, 
broad, J ≅ 6 Hz, 1H; HC=CHCCH3), 2.71 (s, broad, 1H; H2CCH=CCH3), 1.66 (s, 3H; CH3), 1.23, 
1.10, 0.41 and 0.17 (m, each 1H; CH2); 13C NMR (100.60 MHz, 25ºC, [D8]THF): δ (ppm) = 171.7 
and 171.0 (OCN), 148.5 and 147.7 (phenyl i), 129.7, 129.2, 129.1, 129.0, 127.9, 127.5, 127.4, 126.9 
(phenyl o, m, p), 92.4 (d, JRh,C = 8.97 Hz; diene HCa=CbH) 78.7 (d, JRh,C = 7.19 Hz; diene 
HCa=CbH) 75.1 (PhCH), 73.1 and 71.8 (CH2O), 66.7 and 61.8 (d, JRh,C = 12.57 Hz, diene 
HCc=CdH), 57.3 (HC(CN)2), 23.5 (diene CH2), 21.0 (diene CH3), 20.3 (diene CH2) 
 
[(Ph2-box)Rh(2,3-dimethyl-1,3-cyclohexadiene)]: [(Ph2-box)Rh(C2H4)2] (23 mg) was dissolved in 
3 mL of o-xylene. The mixture was stirred for 17 hours under a hydrogen atmosphere (1 bar) at 
70ºC. The reaction mixture was filtered over silica / cotton to remove traces of metallic rhodium. 
The solvent was removed in vacuo, leaving a dark yellow solid, which was dissolved in [D8]THF 
for NMR studies. 1H NMR (200.13 MHz, 25ºC, [D8]THF): δ (ppm) = 7.17 – 7.28 (m, 10H; phenyl 
o, m, p), 5.72 and 5.27 (s, each 1H; CH2O), 4.46 (s, 2H; PhCH), 4.22 (s, 1H; CH(CN)2), 4.00 (s, 
2H; CH2O), 2.94 and 2.79 (m, each 1H; diene H2C=CHCCH3), 1.76 (s, 3H; CH3), 1.51 and 1.27 (m, 
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each 1H; diene CH2), 0.27 (s, 3H; CH3), 0.62 and 0.22 (m, each 1H; diene CH2); 13C NMR (50.32 
MHz, 25ºC, [D8]THF): δ (ppm) = 171.6 (OCN), 148.0 and 147.0 (phenyl i), 130.2, 129.2, 127.7, 
127.0, 126.5 (phenyl o, m, p), 93.4 (JRh,C = 8.8 Hz, diene HC=CaCH3) 87.5 (JRh,C = 8.1 Hz, diene 
HC=CbCH3) 75.3 (CH2O), 72.8 and 70.1 (PhCH), 66.1 and 64.8 (JRh,C = 13.3 Hz, diene 
HC=CCH3), 57.2 (HC(CN)2), 23.0 and 22.8 (diene CH3), 17.3 and 16.4 (diene CH2) 
 
[2,2'-Methylenebis{(4S)-4-tert-butyl-2-oxazolinylmethanato}-bis-(η2-ethene)-rhodium(I)] 
[(t-Bu2-box)Rh(ethene)2] (3): [Di-µ-chlorotetrakis(η2-ethene)dirhodium(I)] (210 mg) was 
suspended in THF (5-10 mL) and tert-butyl substituted bisoxazolinato lithium(THF) (272 mg) was 
dissolved in THF and cooled to -78ºC. The cooled solution of the lithium salt was added to the 
cooled suspension and the mixture was allowed to warm to room temperature while stirring 
vigorously. After 30 minutes the solvent was removed in vacuo. The solids were dissolved in 
deuterated THF for NMR analysis. 1H NMR (400.13 MHz, 25ºC, [D8]THF): δ (ppm) = 4.35 (s, 1H; 
(NC)2CH), 4.33 (d, J = 8.5 Hz, 2H; CHaHb), 3.80 (dd, J1 = 8.5 Hz, J2 = 6.3 Hz, 2H; t-bu-CH), 3.52 
(t or dd broad, 2H; ethene C=CHa), 3.44 (t or dd broad, 2H; ethene C=CHb), 3.39 (d, J = 6.3 Hz, 
2H; CHaHb), 2.58 (t or dd broad, 2H; ethene C=CHc), 1.05 (s, 18H; t-BuCH3), 0.49 (t or dd broad, 
2H; ethene C=CHd); 13C {1H} NMR (100.62 MHz, 25ºC, [D8]THF): δ (ppm) = 172.0 (OCN), 69.5 
((NC)2CH), 69.0 (OCH2), 60.8 (d, JRh,C = 13.8 Hz; ethene Ca), 60.0 (s; t-Bu-CH), 50.9 (d, JRh,C = 
11.6 Hz; ethene Cb), 36.6 (s; CMe3), 27.2 (s; CMe3). Upon standing in deuterated THF at -20ºC for 
two months the brown solution gradually turned purple and the NMR spectra showed gradual 
decomposition of the complex. Some metallic rhodium appeared on the NMR tube wall and the 
generation of free ethene was observed in NMR. After two months purple crystals were obtained 




box)2RhII] (4): Di-µ-chlorotetrakis(η2-ethene)dirhodium(I) (250 mg) was suspended in THF (5-10 
mL) and tert-butyl substituted bisoxazolinato lithium(THF) (324 mg) was dissolved in THF and 
cooled to -78ºC. The cooled solution of the lithium salt was added to the cooled suspension and the 
mixture was allowed to warm to room temperature while stirring vigorously. After 15 minutes the 
solution was warmed up to 60ºC and kept at this temperature for 16 hours. After the mixture had 
cooled down to room temperature it was filtered over celite and the filtrate was concentrated to half 
its volume. After a night at -20ºC a crop of small dark purple crystals had formed (219 mg (53%)). 
Crystals suitable for X-ray analysis were obtained from an NMR sample of 3 in deuterated THF 
after standing at -20ºC for two months. The metallic rhodium which is formed during the 
disproportionation was isolated for analysis by centrifugation instead of filtration in the above 
procedure and subsequent washing with THF (Yield >90%). Elemental analysis calcd. (%) for 
C30H50N4O4Rh (633.5): C 56.87, H 7.95, N 8.84; found: C 56.94, H 8.11, N 9.00; Elemental 
analysis found for metallic rhodium: 89.9(±1)%; 1H NMR (relatively large broad peaks appeared in 
the spectrum of 3 after a month, the NMR data for 4 are taken from the mixture with 3 and some 
decomposition products) (400.13 MHz, 25ºC, [D8]THF): δ (ppm) = 17.2 (broad, approx. 4H), 3.9 
(broad, approx. 10 H), -0.12 (very broad, approx. 36H). Spectrum at -90oC (500 MHz, [D8]THF): δ 
(ppm) = 26.0 ppm (broad, approx. 6H), 11.4 (broad, approx. 30H), -6.1 (very broad, approx. 14 H).  




[hexafluorophospate] [(t-Bu-box)2RhIII][PF6]: [(t-Bu-Box)2RhII] 4 (15 mg) was dissolved in 
deuterated acetonitrile (0.5 mL). To this solution silver hexafluorophosphate was added (ca. 6 mg) 
and the solution was stirred at room temperature for several minutes, after which a 1H NMR 
spectrum was recorded. 1H NMR (200.13 MHz, 25ºC, CD3CN): δ (ppm) = 4.69 (dd, J1 = 9.0 Hz, J2 
= 1.0 Hz, 2H; CHaHb), 4.46 (dd, J1 = 9.0 Hz, J2 = 1.0 Hz, 2H; CHaHb), 4.25 (s, 2H; CH(CN)2), 4.14 
and 4.09 (2×dd, partly superimposed, J1 ≅ 4.6 Hz, J2 ≅ 2.2 Hz, 2×2H; CHcHd), 3.80 (d, broadened, J 
= 6.2 Hz, 2H; t-BuCHa), 3.11 (d, broadened, J = 7.0 Hz, 2H; t-BuCHb), 1.04 (s, 18H, C(CHa3)3), 
0.85 (s, 18H, C(CHb3)3). 
 
[2,2'-Methylenebis{(4S)-4-tert-butyl-2-oxazolinylmethanato}-bis-(η2-ethene)-iridium(I)] 
[(t-Bu2-box)Ir(ethene)2] : [Chlorotetrakis(η2-ethene)iridium(I)] (0.17 mmole) was prepared by 
bubbling ethene gas through a suspension of [di-µ-chlorotetrakis(η2-cyclooctene)diiridium(I)] (147 
mg) in 2-3 mL of THF. To this solution a solution of [(t-Bu2-box)Li] (90.0 mg, prepared by 
treatment of the bisoxazoline with LDA in THF) in THF (2-3 mL) was added at -78ºC. The mixture 
was then allowed to warm up to room temperature and the solvent was removed in vacuo. The 
solids were extracted with diethylether and filtered to remove lithium chloride. After removal of the 
ether a yellow oil remained. 1H NMR (200.13 MHz, 25ºC, C6D6): δ (ppm) = 5.22 (s, 1H; 
CH(CN)2), 3.90 (m, 2H; t-Bu-CH) 3.36 (s, broad, 4H; CH2O), 3.10, 2.70 and 2.30 (3×m, 2H each; 
C=CHa,b,c), 0.95 (s, 18H; CH3), 0.44 (m, 2H; C=CHd); 13C {1H} NMR (50.32 MHz, 25ºC, C6D6): δ 
(ppm) = 173.5 (OCN), 70.2 (CH2O), 67.7 (t-Bu-CH), 62.2 (C(CN)2), 42.8 and 36.3 (ethene), 31.1 
(C(CH3)3), 27.6 (CH3). 
 
[2,2'-Methylenebis{(4S)-4-isopropyl-2-oxazolinylmethanato}-bis-(η2-ethene)-rhodium(I)] 
[(i-Pr2-box)Rh(ethene)2] (5): To a solution of H(i-Pr2-box) (530 mg) in 4-5 mL THF at -78ºC was 
subsequently added 0.26 mL of diisopropylamine and 1.22 mL of a butyllithium solution in hexane 
(1.6 M). This solution was then added to a [di-µ-chlorotetrakis(η2-ethene)dirhodium(I)] (432 mg) 
suspension in THF (5-10 mL) at -78ºC. The mixture was allowed to warm to room temperature and 
the solvent was removed in vacuo. In solution at room temperature the obtained bis(ethene) 
complex gradually decomposed within about one hour, impeding the further isolation of the 
product. 1H NMR (200.13 MHz, 25ºC, C6D6,): δ (ppm) = 4.98 (s, 1H; CH(CN)2), 3.76 (d, J = 8.6 
Hz, 2H; OCHaHb), 3.48 (m, 4H, C=CHa,b), 3.66 (t, J = 7.8 Hz, 2H; i-Pr-CH), 3.15 (d, J = 7.0 Hz, 
2H; OCHaHb), 2.64 (dd, J1 = 12.7 Hz, J2 = 8.8 Hz, 2H; C=CHc), 2.20 (m, 2H; CH(CH3)2), 0.76 (d, J 
= 7.0 Hz, 6H; CH3), 0.76 (m, under doublet of CH3, 2H; C=CHd), 0.57 (d, J = 7.0 Hz, 6H; CH3); 
13C {1H} NMR (50.32 MHz, 25ºC, C6D6): δ (ppm) = 170.3 (OCN), 66.4 (OCH2), 65.3 (i-Pr-CH), 
64.1 (JRh,C = 14.0 Hz, H2Ca=CbH2), 59.2 (CH(CN)2), 50.2 (JRh,C = 10.8 Hz, H2Ca=CbH2), 36.3 
(CH(CH3)2), 19.4 and 15.2 (CH3). 
 
[2,2'-Methylenebis{(4S)-4-isopropyl-2-oxazolinylmethanato}-(η2:η2-norbornadiene)-
rhodium(I)] [(i-Pr2-box)Rh(nbd)]: To a solution of H(i-Pr2-box) (360 mg) in 4-5 mL THF, at 
-78ºC, were subsequently added 0.21 mL of diisopropylamine and 0.92 mL of a butyllithium 
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solution (1.6 M) in hexane. This solution was added to a suspension of [di-µ-chlorobis(η2:η2-
norbornadiene)dirhodium(I)] (340 mg) at -78ºC. After stirring the solution for two hours without 
cooling the solvent was removed in vacuo, and the solids were dissolved in benzene and filtered to 
remove lithium chloride. After evaporating the benzene, NMR spectra were taken. 1H NMR 
(200.13 MHz, 25ºC, C6D6): δ (ppm) = 4.77 (s, 1H; CH(CN)2), 3.23 - 3.78 (4×m, together 12H; 
CH2O, i-Pr-CH, CH=CH, nbd C3CH), 1.72 (m, 2H; CH(CH3)2), 1.20 (s, 2H, nbd CH2), 0.71 and 
0.50 (2×d, J = 6.6 Hz, 6H each; CH3); 13C NMR (50.32 MHz, 25ºC, C6D6): δ (ppm) = 171.2 
(OCN), 68.9 (CH2O), 67.4 (i-Pr-CH), 61.9 (nbd CH2), 58.4 (CH(CN)2), 53.8 and 51.6 (d, JRh,C = 9.7 
Hz; CH=CH), 50.8 (nbd C3CH), 35.0 (CH(CH3)2), 19.9 and 15.2 (CH3). 
 
[2,2'-Methylenebis{(4S)-4-isopropyl-2-oxazolinylmethanato}-(η2:η2-1,5-cyclooctadiene)-
rhodium(I)] [(i-Pr2-box)Rh(cod)] : Freshly prepared [(i-Pr2-box)Rh(C2H4)2] (150 mg) was 
dissolved in neat 1,5-cyclooctadiene (3 mL). The mixture was stirred for 3 hours at 50ºC under a 
hydrogen atmosphere (1 bar) after which the reaction mixture was filtered to remove lithium 
chloride. The excess of cyclooctadiene was removed in vacuo. 1H NMR (500.13 MHz, 25ºC, C6D6): 
δ (ppm) = 4.94 (s, 1H, CH(CN)2), 4.26 (t, broad, J ≅ 6.7 Hz, 2H; cod C=CHa), 3.78 (d, J = 8.1 Hz, 
2H, OCHaHb), 3.66 (q, broad, J ≅ 7.6 Hz, 2H; cod C=CHb), 3.41 (t, J = 7.7 Hz, 2H; i-Pr-CH), 3.07 
(d, J = 6.8 Hz, 2H; OCHaHb), 2.74 (m, 2H, cod CHaHb), 2.22 (m, broad, 4H, cod CHaHb and 
CH(CH3)2), 1.95 and 1.45 (2×m, 2H each; cod CHcHd) 0.82 and 0.61 (2×d, J = 6.9 Hz, 6H each; 
CH3); 13C NMR (50.32 MHz, 25ºC, C6D6): δ (ppm) = 170.5 (OCN), 80.8 (JRh,C= 14.0 Hz, cod 
HCa=CbH), 69.7 (JRh,C= 11.82 Hz, cod HCa=CbH), 66.7 and 66.5 (CH2O and i-Pr-CH), 58.3 
(CH(CN)2), 35.1 (cod CH2), 28.3 (CH(CH3), 27.4 (cod CH2), 19.4 and 15.4 (CH3) 
 
[2,2'-Methylenebis{4,4-dimethyl-2-oxazolinylmethanato}-bis-(η2-ethene)-iridium(I)] 
[(Me4-box)Ir(ethene)2] (6): [Chlorotetrakis(η2-ethene)iridium(I)] was prepared in situ from 1.58 gr 
of [(Cl)Ir(coe)2]2 (1.76 mmol) in THF (20mL) as described in the procedure for 
[(t-Bu2-box)Ir(ethene)2]. The mixture was cooled to –30º C and an equimolar amount of 
[(Me4-box)Li] in 5 mL of THF was added under ethylene pressure. The mixture was allowed to 
warm up to room temperature while stirring and turned clear and deeply yellow / brown. The 
solvent was removed in vacuo, and the residue was extracted with diethylether and filtered to 
remove lithium chloride. The ether was removed in vacuo, and the residue was dissolved in a 
minimum amount of hot (80ºC) toluene. After one night at –20ºC yellow crystalline material had 
formed (0.75 g, 47%) which was recrystallized from hot toluene once more for X-ray structure 
determination. 1H NMR (200.13 MHz, 25ºC, C6D6): δ (ppm) = 5.03 (s, 1H; CH(CN)2), 3.55 (m, 4H; 
C=CHa), 3.33 (s, 4H; CH2O), 1.41 (m, 4H; C=CHb), 1.24 (s, 12H; CH3); 13C NMR (50.32 MHz, 
25ºC, C6D6): δ (ppm) = 173.6 (OCN), 81.0 (CH2O), 72.0 (C(CH3)2), 62.2 (C(CN)2), 38.0 
(H2C=CH2), 29.2 (CH3). 
 
[2,2'-Methylenebis{4,4-dimethyl-2-oxazolinylmethanato}-bis-(η2:η2-norbornadiene)-
rhodium(I)] [[(Me4-box)Rh(nbd)] (7): A solution of Li(Me4-box) (1.57g) in THF (15 mL) was 
added to a suspension of [di-µ-chlorobis(η2:η2-norbornadiene)dirhodium(I)] (1.68 g) in THF (15 
mL). The dark brown solution was stirred for two hours at room temperature. The solvent was 
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removed in vacuo, and the residue was dissolved in benzene and filtered to remove lithium 
chloride. The benzene was removed in vacuo, leaving 2.35 g (80%) of yellow powder. Crystals 
were grown from benzene at 6º C. Elemental analysis calcd. (%) for C18H25N2O2Rh (404.3): C 
53.47, H 6.23, N 6.93; found: C 52.50, H 6.23, N 6.74; 1H NMR (200.13 MHz, 25ºC, C6D6): δ 
(ppm) = 4.84 (s, 1H; CH(CN)2), 4.04 (q, J ≅ 3 Hz, 4H; CH2=CH2), 3.22 (s, broad, 6H; CH2O and 
nbd C3CH), 1.12 (t, J ≅ 1.5 Hz, 2H; nbd CH2), 0.90 (s, 12H; CH3); 13C NMR (50.32 MHz, 25ºC, 
C6D6): δ (ppm) = 170.7 (OCN), 78.3 (CH2O), 69.3 (C(CH3)2), 62.0 (nbd CH2), 59.3 (CH(CN)2), 
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The chemistry of the bisoxazolinate (box) complexes in chapter 3 differs significantly from that of 
the β-diiminate (ArLR) complexes discussed in chapter 2. In this chapter the causes for these 
intriguing differences are investigated by studying ligands that are expected to have electronic or 
steric properties intermediate between the β-diiminates and the bisoxazolinates.  
In order to arrive at a systematic comparison between xylLMe and box, one can devise a 




















Scheme 1. Example of a systematic structural variation on going from xylLMe to R2-box. 
 
Firstly the N-substituents in box are always aliphatic, in contrast to the aromatic ipso-carbon 
bound to N in xylLMe. Thus, the first step in the transformation leads to N-alkyl β-diiminates. 
Moreover, variation of the alkyl substituent can provide information on the importance of steric 
demand to the reactivity of the corresponding rhodium(I) olefin complexes.  
A second difference between L and box is the fact that the cyclic nature of the oxazolines 
fixes the conformation of the substituents on the oxazolinate 4-carbon, whereas in the β-diiminates 
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the N-substituent can rotate. Therefore the next step brings us to a cyclic β-diiminate. The 
comparison of this “carbon-only” cyclic ligand with the actual box ligand would then allow a direct 
evaluation of the electronic effects of the oxygen atoms in the bisoxazolinates. The oxygens can act 
as π-donors (mesomeric effect) and σ-acceptors (inductive effect), but the overall effect is not a 
priori clear. 
Another class of compounds which are structurally intermediate between β-diiminates and 
bisoxazolinates are the imineoxazolinates (Scheme 2). In this case none of the above mentioned 
factors (steric, electronic, and conformational constraint) are considered separately, but one could 





















Scheme 2. Structural variation via the imineoxazolinates. 
 
Apart from the stepwise variations shown in scheme 1 and scheme 2, some other ligand 
variations might be useful in evaluating the role of the electron demand of the ligand in the 
reactivity of its rhodium(I) olefin complexes. Such variations in electronic demand are obtained 
when the methyl groups on the backbone (in the 2 and 4 positions of the pentanediimine backbone) 
















xylLOMe xylLCF3 C6F5LMe  
Scheme 3. Proposed electronic variations of xylLMe. 
 
A pentafluorophenyl substituent at the imine nitrogens should modify both the electronic and 
steric features of the ligand to a small extent. The Van der Waals radius of fluorine is larger than 
that of H but smaller than that of CH3. So the steric demand of the C6F5 substituents in C6F5LMe 
should be slightly less than that of the 2,6-Me2Ph group in xylLMe.1 The ligand is expected to be a 
poorer σ-donor and a better π-acceptor than xylLMe. However, since the C6F5 groups are forced in a 
perpendicular orientation to the ligand backbone, this π-acceptor difference is expected to be 
modest.2  
 Modified diiminates and mixed imineoxazolinates 
 69
Below, the (attempted) synthesis and the reactivity of the complexes of these diiminate type 
ligands is described except for the bicyclic diiminate ligand (this type of compound has never been 
reported in the literature).  
Whereas the synthesis and reactivity of N-aryl substituted β-diiminates3 and bisoxazolinates4 
and their metal complexes has been investigated extensively, only few accounts deal with the 
preparation of N-alkyl substituted β-diiminates5 or their fluorinated analogues.6 The reactivity of the 
resulting complexes has not been reported. 
Imineoxazolinate complexes have been introduced recently7 and have since only appeared in 
the literature as catalysts of asymmetric aziridination of olefins8 (CuII, PdII, CoII) and 
copolymerisation of cycloalkene oxides and CO2 (Zn).9  
 
Variation of the substituent at nitrogen 
As representative analogues of the alkyl substituted β-diimines, the isopropyl substituted ligand 
(iPrLMe)H 1H and the tert-butyl substituted ligand (tBuLMe)H 2H were chosen. They were prepared in 








1H: R = i-Pr
2H: R = t-Bu
b, c, da
 
Scheme 4. Synthesis of N-alkyl substituted β-diimines 1H and 2H. Reaction conditions: a) R = i-Pr: 
i-PrNH2, CH2Cl2 / R = t-Bu: Et2O•BF3, t-BuNH2, C6H6; b) Et3O+BF4-, CH2Cl2; c) RNH2; d) 
NaOMe, MeOH. 
 
The synthesis of the pentafluorophenyl substituted ligand (C6F5LMe)H 3H has recently been 
published by Panda et al.1 and is analogous to that of (xylLMe)H.11  
 
Imineoxazoline ligands 
For the preparation of the imineoxazolines (imox) we followed the procedure of Bertilsson et al. 
(Scheme 5).8 N-2,6-Dimethylphenyl substituted imidoyl chlorides with R = CF3, Ph, t-Bu or Me, 
and oxazolines with R’ / R’’ = Ph, t-Bu / H and Me / Me were prepared. Coupling of the two units 
by reaction of the lithiated oxazoline with the imidoyl chloride succeeded only for 4H and 5H. In 















(CF3-imox)H, 4H: R = CF3
(Ph-imox)H, 5H: R = Ph





Scheme 5. Synthesis of imineoxazolines 3H and 4H. 
 
Attempted synthesis of β-diimines with CF3 and OMe substituted backbones 
Since the standard condensation of the hexafluoroacetylacetone with 2,6-dimethylaniline12 does not 
work, we chose route (a) for 6H. It is a modification of the procedure used for bulky diimines by 
Knorr and Weiss13 and by Fustero et al. for β-diimines with one CF3 group at the backbone.6c 
Unfortunately, we obtained a mixture of several unidentified products upon attempted methylation 
































Scheme 6. Potential synthetic routes to β-diimines with CF3 and OMe substituted backbones. 
 
The synthesis of ligand 7H by route (b) was also unsuccessful as the methylation of the 
obtained diamide with methylsulfate did not occur.13 Therefore the syntheses of these two ligands 
were not further pursued. 
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4.2 Rhodium olefin complexes of modified β-diiminates 
 
iPrLMe and tBuLMe complexes 
A freshly prepared solution of [(iPrLMe)Li] in THF (the formation of [(iPrLMe)Li] was confirmed by 
1H NMR) was reacted with a suspension of [(µ-Cl)Rh(C2H4)2]2. The broad peaks in the aliphatic 
region of the 1H NMR spectrum indicated that, allthough the starting compounds had been 
completely consumed, the anticipated [(iPrLMe)Rh(C2H4)2] had not formed or had decomposed 
immediately upon formation.  
The same procedure was carried out for the preparation of the cyclooctadiene complex 
[(iPrLMe)Rh(cod)] from [(iPrLMe)Li] and [(µ-Cl)Rh(cod)]2. However, in this case no reaction took 
place even after hours at room temperature; only some decomposition of the lithium salt was 
observed. 
This difference in formation and stability of the bis(ethene) and cod complexes of iPrLMe with 
those of xylLMe is quite unexpected as the isopropyl substituent is not expected to be much more 
sterically demanding than the 2,6-dimethylphenyl group.  
Whereas for the analogous (xylLMe)RhI complexes the experimentally characterised 
structures11 are reproduced reasonably well, PM3 structure optimisations∗ of both the 
[(iPrLMe)RhI(C2H4)2] and [(iPrLMe)RhI(cod)] result in a hydride structure in which one of the 
isopropyl C-H bonds has oxidatively added to the rhodium(I) centre. PM3 calculations tend to 
overestimate the propensity of metal centres to undergo oxidative addition. However, they do hint 
at the fact that with the iPrLMe ligand the space near the metal gets too crowded to accomodate either 
two ethenes or one cod. Possibly the cod complex is not even formed because the rhodium cod 
fragment cannot approach the ligand enough. The attempted synthesis of the bis(ethene) complex, 
on the other hand, might lead to an unstable mono(ethene) complex instead, which then readily 
decomposes.  
An attempt to synthesise the tert-butyl substituted cod complex did not give any reaction 
either. For this [(tBuLMe)RhI(C2H4)2] PM3 predicts a C-H activation of the t-Bu group, leading to a 
hydride, whereas for [(tBuLMe)RhI(cod)] it suggests side-on π-coordination of rhodium to the 




The bis(ethene) complex [(C6F5LMe)Rh(C2H4)2] (8) was obtained readily from [(C6F5LMe)Li] and 
[(µ-Cl)Rh(C2H4)2]2. It proved stable in a THF solution. Although under hydrogen (both with and 
without cyclooctene present) 8 decomposes very slowly, no hydrides are formed nor does any 
hydrogenation of cyclooctene occur. With methyliodide and with bromobenzene under hydrogen an 
aselective reaction occurs, resulting within several hours in the free ligand and other, unidentified 
products. Under a carbon monoxide atmosphere the bis(carbonyl) complex [(C6F5LMe)Rh(CO)2] is 
formed (See chapter 6). 
                                                 
∗ For details see section 4.5. 
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Synthesis of the cod complex [(C6F5LMe)Rh(cod)] (9) via the same procedure gave only a low 
yield even after several hours at room temperature. However, 9 was obtained in 80% yield within 
one hour at room temperature upon addition of cod to a solution of 8 in THF.  
It is remarkable that the direct synthesis seems to work poorly for the cod complex whereas 
[(xylLMe)Rh(cod)] is readily obtained in that way.11 The C6F5 containing complexes lack the steric 
shielding that the ortho-methyl groups provide in xylLMe complexes. One would expect that olefins 
would coordinate more strongly to the (C6F5LMe)Rh fragment because of the electron withdrawal 
(through the σ-skeleton) by the fluorinated phenyl rings. This in fact is reflected by the inertness of 
8 towards hydrogen. Although 9 is stable, its formation from [(µ-Cl)Rh(cod)]2 and [(C6F5LMe)Li] is 
apparently blocked kinetically. [(C6F5LMe)RhI(C2H4)2] is very stable. Its stability demonstrates a 
marked difference between N-aryl and N-alkyl substituted β-diiminate complexes. The reason for 
the reluctance of [(µ-Cl)Rh(cod)]2, compared to [(µ-Cl)Rh(C2H4)2]2, to react with [(C6F5LMe)Li] 
could be that the monomeric [(Cl)Rh(cod)] fragment is less flexible than the [(Cl)Rh(C2H4)2] 
fragment in approaching the Li (an ethene could dissociate or assume a less ideal coordination 
position in the forming complex). This difference in flexibility between ethene and cod, due to the 
chelate effect in the cod complex, might also explain the observed difference in formation of the 
ethene and cod complexes 8 and 9. 
As the cod complexes generally show a much lower reactivity than the corresponding 
bis(ethene) complexes, the reactivity of 9 was not studied further. 
 
 
4.3 Imineoxazolinate rhodium olefin complexes 
 
Reaction of [(CF3-imox)Li] (prepared in situ from 4H and lithium diisopropylamide) with 
[(µ-Cl)Rh(C2H4)2]2 and [(µ-Cl)Rh(cod)]2 resulted in the respective rhodium(I) complexes 10 and 
11, selectively (Scheme 7). The same procedure for ligand 5 did, however, not result in a selective 
reaction; both reactions yielded complicated mixtures of unidentified products along with some free 
ligand. The reason for this extraordinary difference between 4 and 5 must be electronic.  
Complex 10 did not react with hydrogen and benzene; neither was hydrogenation observed 
with hydrogen and cyclooctene. Thus neither π-coordination of arenes nor catalytic hydrogenation 
takes place. The reactivity of cod complex 11 under the same circumstances was not investigated. 
The cis-cyclooctene (coe) complex is expected to be much more reactive than the bis(ethene) 
complex. An attempt to prepare the coe or bis(coe) complex gave a mixture in which two products 
appeared to be prevalent. One of these showed some unexpected resonances around 6.0 and 6.5 
ppm in the 1H NMR spectrum instead of the usual oxazoline ring signals around 4.5 – 5.0 ppm. 
Partial masking of the signals from the two major products by signals of minor products impeded 
full assignment. 
 

















































The N-isopropyl and N-tert-butyl substituted β-diiminate rhodium(I) bis(ethene) and cod complexes 
unexpectedly proved inaccessible, either because their formation is hampered by the steric influence 
of the ligand on the space near the metal, or because (probably for the same reason) any complex 
formed will too easily decompose. This is a marked difference with the formation and reactivity of 
the xylLMe rhodium olefin complexes, which are isolable and have a defined reactivity, and with 
[(C6F5LMe)Rh(C2H4)2] (8) which is stable and quite unreactive. 
With the bisoxazolinate rhodium(I) olefin complexes we saw that 4-phenyl substituted 
oxazolinates yield stable complexes, whereas with alkyl substituents in that position the obtained 
complexes decomposed. The stability of the rhodium complexes of CF3-imox 4, bearing only 
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N-aryl substituents (See scheme 7) further illustrates the unusual influence of an aryl group near the 
metal on the stability of diiminate rhodium olefin complexes.  
[(xylLMe)Rh(C2H4)2] and [(xylLMe)Rh(cod)] are highly reactive, especially upon treatment with 
hydrogen. The CF3-imox complex 10 and N-C6F5 diiminate complex 8 are quite unreactive, 
indicating a relatively high influence of electronic factors on the stability of this kind of complexes.  
Apparently the balance between the electron-deficiency of rhodium and steric bulk near the 
metal is of decisive importance.  
Several ligands required to carry out a stepwise modification of the ligands, as suggested in 
schemes 1, 2 and 3, could not be obtained. In case of the imineoxazolines, for instance, we were 
restricted to analogues with backbone substituents different than those proposed, thus clouding the 
comparison between xylLMe and the box ligands even further. For the cyclic β-diiminate Lcyc, a key 
ligand for direct comparisons between the non-cyclic β-diiminates and the cyclic box ligands, no 
synthetic procedures are available yet. It is therefore impossible to separate electronic and steric 
effects on the basis of the experimental data presented in this chapter. In chapter 6 an attempt will 
be made to extract more information by using computational methods (PM3 and DFT) to 
supplement to the experimental data.  
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4.5 Experimental section 
 
General remarks: All manipulations were carried out in an argon atmosphere under standard 
Schlenck conditions. All solvents (including the deuterosolvents) were distilled from 
Na/Benzophenone prior to use. NMR measurements were performed on the following 
spectrometers: Bruker DPX200 and Varian VXR200S (200 MHz), Bruker AC300 (300MHz), 
Bruker AN400 and Varian Inova400 (400MHz), Bruker AVANCE DRX500 (500 MHz). 
The dialkyl-β-diimine ligands,14 imidoyl chlorides8 and phenyloxazoline8, 15 were prepared 
according to literature procedures. 
 





[(N,N’-diisopropyl-2,4-aminopentaneiminato)-lithium] [(iPrLMe)Li]: A 1.6 M solution of 
butyllithium in hexane (0.18 mL) was added to a solution of diisopropylamine (0.05 mL) in THF 
(1-2 mL) at -78ºC. This solution was then added to a solution of (i-Pr2-BDI)H (3) (50 mg) in THF 
(2 mL) and stirred for 30 min. at -78ºC. After the solution was allowed to warm to room 
temperature the solvents were removed in vacuo. The product mixture was then stripped with 
pentane (2 mL), yielding a white product. Yield ~95% (NMR). 1H NMR (200.13 MHz, 25ºC, 
[D8]THF) δ (ppm) = 1.54 (d, J = 6.2 Hz, 12H; CH(CH3)2), 2.26 (s, 6H; backbone CH3), 4.05 (m, J = 
4.3 Hz, 2H; CH(CH3)2), 4.96 (s, 1H; CH(CN)2). 
 
N,N’-bis(2,3,4,5,6-pentafluorophenyl)-2,4-aminopentaneimine, (C6F5LMe)H (5):6a This synthesis 
is a modification of the procedure for (xylLMe)Rh(coe);11 2,3,4,5,6-pentafluoroaniline (5 gr, 27.3 
mmole) acetylacetone (1.41 mL, 13.65 mmole) and p-toluenesulphonic acid (0.5 gr. 2.63 mmole) 
were refluxed in toluene for at least 24 hrs. using a Dean-Stark trap. The toluene was decanted off 
and the solid redisue was treated with diethyl ether (25 mL), water (20 ml) and Na2CO3.10H2O (6 
gr). After stirring for 30 min. the ether layer was separated, dried with MgSO4, filtered, and the 
solvent was removed in vacuo. The product was dried overnight under high vacuum. No further 
purification was necessary. Yield ~4.4 gr (75%). 
 
[{N,N’-bis(2,3,4,5,6-pentafluorophenyl)-2,4-aminopentaneiminato}-rhodium-bis(ethene)] 
[(C6F5LMe)Rh(C2H4)2] (8): A 1.6 M solution of butyllithium in hexane (1.0 mL) was added to a 
solution of diisopropylamine (0.23 mL) in THF (1-2 mL) at -78ºC and stirred for 5 min.. The cold 
solution was added to a solution of (C6F5LMe)H (0.67 g) in diethyl ether (1-2 mL). The reaction 
mixture was stirred for 30 min. and then allowed to warm to room temperature. The mixture is 
cooled to -78ºC agein and added to a suspension of [Rh(µ-Cl)(C2H4)2]2, after which it was stirred 
for 90 min.. The solution was allowed to warm to room temperature and stirred for 1h. before the 
solvent was removed in vacuo. Yield ~90%. 1H NMR (400.15 MHz, 25ºC, C6D6) δ (ppm) = 4.96 (s, 
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1H; CH(CN)2), 2.45 (m, J = 13.7 Hz, 4H; ethene), 1.73 (m, J = 13.3 Hz, 4H; ethene), 1.41 (s, 6H; 
backbone CH3); 13C {1H} NMR (100.62 MHz, 25ºC, C6D6) δ (ppm) = 162.83 (s, 2C; CH(CN)2), 
142.14 (m, 1JC,F = 243.6 Hz, 4C; C6F5 m), 138.88 (m, 1JC,F = 251.7 Hz, 2C; C6F5 p), 126.47 (m, 
broad, 2C; C6F5 ipso), 138.74 (m, 1JC,F = 251.7 Hz, 4C; C6F5 o), 101.28 (s, 1C; CH(CN)2), 61.45 (d, 
J = 12.7 Hz, 4C; ethene), 25.02 (s, 2C; backbone CH3). 
 
[{N,N’-bis(2,3,4,5,6-pentafluorophenyl)-2,4-aminopentaneiminato}-rhodium-
bis(1,5-cyclooctadiene)] [(C6F5LMe)Rh(cod)] (9): To a solution of [(C6F5LMe)Rh(C2H4)2] (ca. 40 
mg) in THF (2 ml) 1,5-cyclooctadiene (0,5 ml). The solution was stirred for 1 h after which the 
THF and the remaining cod were removed in vacuo. The product was dried for 16 h at high 
vacuum. Yield ~80% (NMR). 1H NMR (200.13 MHz, 25ºC, C6D6) δ (ppm) = 4.97 (s, 1H; 
CH(CN)2), 3.30 (s, broad, 4H; cod HC=CH), 1.94 (m, 4H; cod HC=CHCH2), 1.38 (s, 6H; CH3), 
1.32 (m, J = 8.2 Hz, 4H; cod HC=CHCH2); 13C {1H} NMR (50 MHz, 25ºC, C6D6) δ (ppm) = 
163.41 (s, 2C; CH(CN)2), 142.14 (m, 1JC,F = 241.5 Hz, 4C; C6F5 m), 136.20 - 137.05 and 139.50 - 
140.37 (m, 3C, C6F5 o, p), 120.18 (td, JRh,C= 4.1 Hz 2JC,F = 15.3, 2C; C6F5 ipso), 100.74 (s, 1C; 






This ligand was prepared according to literature procedures,8 using 1.14 g of N-2,6-dimethylphenyl-
2,2,2-trifluoroacetimidoylchloride (4.66 mmole), and 750 mg of 2-methyl-4-phenyloxazoline (4.66 
mmole). The product was purified by columnchromatography over SiO2 with 
pentane/ethylacetate/triethylamine 15/1/0.1.Yield 1 g (60%). 1H NMR (300.13 MHz, 27ºC, CDCl3): 
δ (ppm) = 7.28 (m, 5H; phenyl H), 7.04 (m, 3H; 2,6-(CH3)2-phenyl H), 5.40 (s, 1H; CH(CN)2), 5.34 
(dd, J1 = 9.5 Hz, J2 = 8.6 Hz, 1H; CHPh), 4.60 (dd, J1 = 9.8 Hz, J2 = 8.2 Hz, 1H; CHaHb), 4.04 (t, J 
= 8.2 Hz, 1H; CHaHb), 2.25 and 2.22 (2×s, each 3H; 2,6-(CH3)2-phenyl); 13C {1H} NMR (50.32 
MHz, 27ºC, CDCl3): δ (ppm) = 171.2 (s, 1C; 2,6-(CH3)2-phenyl ipso), 145.1 (q, 2JC,F = 30.8 Hz, 1C; 
F3CCN), 142.7 (s, 1C; phenyl ipso), 137.95 and 137.91 (2×s, each 1C; 2,6-(CH3)2-phenyl o, o’), 
136.41 (s, 1C; OCN),128.7 (s, 2C; phenyl m), 127.9, 127.8, 127.6, 127.4 (4×s, each 1C; 2,6-(CH3)2-
phenyl m, m’, p, and phenyl p), 126.4 (s, 2C; phenyl o), 120.40 (q, 1JC,F = 277 Hz, 1C; CF3), 82.9 
(q, 3JC,F = 6 Hz, 1C; CH(CN), 73.4 (s, 1C; CHPh), 69.6 (s, 1C; CH2), 18.21 (s broad, 2C; 2,6-
(CH3)2-phenyl). 
 
[1-Phenyl-2-((4S)-phenyl-4,5-dihydrooxazol-2-yl)vinyl]-2,6-dimethylaniline] (7): This synthesis 
was carried out according to literature procedures,8 using 1.1 g of N-2,6-
dimethylphenylbenzimidoylchloride (4.66 mmole), and 750 mg of 2-methyl-4-phenyloxazoline 
(4.66 mmole). The product was purified by columnchromatography over SiO2 with 
pentane/ethylacetate/triethylamine 24/1/0.1. Yield 0.9 g (54%). 1H NMR (00.13 MHz, 25ºC, 
CDCl3): δ (ppm) = 7.38-7.08 (m, 13H; 2 × phenyl and 2,6-(CH3)2-phenyl ArH), 5.38 (dd, J1 = 9.8 
 Modified diiminates and mixed imineoxazolinates 
 77
Hz, J2 = 7.8 Hz, 1H; CHPh), 4.96 (s, 1H; CH(CN)2), 4.60 (dd, J1 = 9.7 Hz, J2 = 8.2 Hz, 1H; 
CHaHb), 4.01 (t, J = 7.9 Hz, 1H; CHaHb), 2.19 and 2.17 (2×s, each 3H; 2,6-(CH3)2-phenyl). 
 
[2-((4S)-Phenyl-4,5-dihydrooxazol-2-yl)-1-(trifluoromethyl)vinyl]-2,6-dimethylanilinato-
rhodium(I)-bis(ethene)] (10): Diisopropylamine (0.2 mL) and a 1.6M solution of n-butyllithium in 
ether (0.85 mL) were mixed together in THF (2-3 mL) at -78ºC. After stirring for 30 min. the cold 
solution was transferred to a cooled (-78ºC) solution of the trifluoromethyl-imineoxazoline (500 
mg) in THF (2-3 mL). This mixture was stirred in the cold for another 30 min. after which it was 
mixed with a cold suspension of [(µ-Cl)Rh(C2H4)2]2 (264 mg) in THF (2-3 mL). After 30 minutes 
of stirring the mixture was allowed to warm up to room temperature and the solvent was 
immediately evaporated in vacuo. A nearly pure product (NMR) was obtained which by 
recrystallisation from a THF solution in diffusion contact with toluene yielded a small amount of a 
dark microcrystalline solid. Elemental analysis calcd. (%) for C24H26F3N2ORh (518.38): C 55.61, H 
5.06, F 10.99, N 5.40; found: C 55.35, H 5.05, F 10.72, N 5.54; 1H NMR (400.15 MHz, 29ºC, 
[D8]THF): δ (ppm) = 7.27 (m, 2H; phenyl o), 7.19 (m, 3H; phenyl m, p), 6.92 (m, 2H; 2,6-(CH3)2-
phenyl m), 6.83 (m, 1H; 2,6-(CH3)2-phenyl p), 5.13 (s, 1H; CH(CN)2), 5.07 (d broad, 1H; CHaHb), 
4.44 (t broad, J = 8.2 Hz, 1H, CHPh), 4.09 (d broad, J = 8.3 Hz, 1H, CHaHb), 3.65 (dd, J1 = 13.6 
Hz, J2 = 8.4 Hz, 1H, C=CHa), 2.73 (m, 1H, C=CHb), 2.65 (t very broad, J ≅ 10 Hz, 2H, HcC=CHd), 
2.29 (s, 3H; 2,6-(CH3)2-phenyl), 2.15 (dd broad, J1 = 13.7, J2 = 9.1 Hz; 1H, C=CHe), 2.12 (s, 3H; 
2,6-(CH3)2-phenyl), 2.08 (m, 1H; C=CHf), 1.11 (m, 2H; HgC=CHh); 13C {1H} NMR (100.62 MHz, 
29ºC, [D8]THF): δ (ppm) = 167.9 (s, 1C; 2,6-(CH3)2-phenyl ipso), 152.1 (q, 2J = 24.5 Hz, 1C; 
F3CCN), 146.7 (s, 1C; OCN), 145.1 (s, 1C; phenyl ipso), 134.30 and 134.26 (2×s, together 2C; 
2,6-(CH3)2-phenyl o, o’), 129.4 (s, 2C; phenyl m), 128.3 (s, 2C; 2,6-(CH3)2-phenyl m), 128.1 (s, 1C; 
2,6-(CH3)2-phenyl p), 126.2 (s, 2C; phenyl o), 125.7 (s, 1C; phenyl p), 121.6 (q, 1JC,F = 284.7 Hz, 
1C; CF3), 76.1 (q, 3JC,F = 6.8 Hz, 1C; CH(CN)2), 75.6 (s, 1C; CHPh), 71.5 (d, JRh,C = 12.8 Hz, 1C; 
H2C=CaH2), 64.7 (s, 1C; CH2), 63.8 (d, JRh,C = 12.8 Hz, 1C; H2C=CbH2), 63.4 (d, JRh,C = 12.1 Hz, 
1C; H2C=CcH2), 54.4 (d, JRh,C = 12.1 Hz, 1C; H2C=CdH2), 19.4 (s, 2C; 2,6-(CH3)2-phenyl). (Ethene 
signals confirmed with CHCORR NMR). 
 
[2-((4S)-Phenyl-4,5-dihydrooxazol-2-yl)-1-(trifluoromethyl)vinyl]-2,6-dimethylanilinato-
rhodium(I)-(1,5-cyclooctadiene)] (11): Diisopropylamine (0.12 mL) and a 1.6M solution of 
n-butyllithium in ether (0.51 mL) were mixed together in THF (2-3 mL) at -78ºC. After stirring for 
30 min. the cold solution was transferred to a cooled (-78ºC) solution of the phenyl-imineoxazoline 
(300 mg) in THF (2-3 mL). This mixture was stirred in the cold for 3 hrs. after which it was mixed 
with a cold suspension of [ (µ-Cl)Rh(C2H4)2]2 (264 mg) in THF (2-3 mL). After 1 hr. of stirring the 
mixture was allowed to warm up to room temperature and the solvent was immediately evaporated 
in vacuo. The product was not further purified, NMR spectra were taken of the crude mixture. 1H 
NMR (400.15 MHz, 29ºC, [D8]THF): δ (ppm) = 7.30-1.17 (m, 5H, phenyl, o, m, p), 6.84 (d, J = 7.6 
Hz, 2H; 2,6-(CH3)2-phenyl m), 6.78 (t, J = 7.4 Hz, 1H; 2,6-(CH3)2-phenyl p), 5.15 (s, 1H; 
CH(CN)2), 4.90 (d, J = 7.8 Hz, 1H; CHPh), 4.39 (t, J = 8.2 Hz, 1H; CHaHb), 4.26 (t broad, J ≅ 6.7 
Hz, 1H; cod HC=CHa), 4.05 (d, 7.8 Hz, 1H, CHaHb), 3.59 (signal under THF, CHCORR; cod 
HC=CHb), 2.92 (q broad, J ≅ 4.7 Hz, 1H; cod HC=CHc), 2.65 (t broad, J ≅ 7.1 Hz, 1H; cod 
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C=CHd), 2.34 (m, 1H; cod HC=CHCH2), 2.25 and 2.24 (2×s, each 3H; 2,6-(CH3)2-phenyl), 2.03-
1.92 (m, 2H; cod HC=CHCH2), 1.86-1.77 (m, 1H; cod HC=CHCH2), 1.66-1.42 (m, 3H; cod 
HC=CHCH2), 1.38-1.31 (m, 1H; cod HC=CHCH2); 13C {1H} NMR (100.62 MHz, 29ºC, [D8]THF): 
δ (ppm) = 167.9 (s, 1C; 2,6-(CH3)2-phenyl ipso), 151.9 (q, 2JC,F = 24.5 Hz, 1C; F3CCN), 147.8 (s, 
1C; phenyl ipso), 145.1 (s, 1C; OCN), 134.5 and 133.7 (2×s, 1C each; 2,6-(CH3)2-phenyl o, o’), 
129.3 (s, 2C; phenyl m), 128.3 (s, 1C; 2,6-(CH3)2-phenyl p), 128.2 (s, 2C; 2,6-(CH3)2-phenyl m), 
126.2 (s, 2C; phenyl o), 125.4 (s, 1C; phenyl p), 121.6 (q, 1JC,F = 285 Hz, 1C; CF3), 86.0 (d, JRh,C = 
12.7 Hz, 1C; cod HC=CaH), 82.5 (d, JRh,C = 12.2 Hz, 1C; cod HC=CbH), 79.5 (d, JRh,C = 13.1 Hz, 
1C; cod HC=CcH), 75.6 (q, 3JRh,C = 6.6 Hz, 1C; CH(CN)2), 75.3 (s, 1C; CHPh), 75.2 (d, JRh,C = 13.8 
Hz, 1C; cod HC=CdH), 65.8 (s, 1C; CH2), 32.4 (s, 1C; HC=CHCaH2), 32.1 (s, 1C; HC=CHCbH2), 
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In order to find out how the bite angle of anionic bidentate nitrogen-donor ligands influences the 
reactivity of their rhodium olefin complexes, we prepared some acetamidinate (aca) and 
aminotroponiminate (ati) ligands (Scheme 1). Like β-diimines, amidines and aminotroponimines 
can be deprotonated to give anions that are stabilised by resonance. Upon complexation 
β-diiminates form a six-membered chelate ring, aminotroponiminates form a five-membered ring, 
and acetamidinates a four-membered ring. The N-Al-N angles of the aluminium chelates of these 
ligands are approximately 96°, 83°, and 70°,1, 2, 3 respectively. This clearly demonstrates the large 
variation in bite angle upon variation of the N2--ligand backbone. A fourth conceivable group of 
ligands would be the 6-aminofulvene-1-aldimines (afa). Recently some magnesium complexes of 
the anionic Cy2-afa (R = Cy = cyclohexyl) have been reported, revealing an N-Mg-N angle between 
























There are numerous procedures for the synthesis of symmetric and unsymmetric 
amidines/amidinates.5 In this study only the symmetric diisopropyl and di-tert-butyl substituted 
amidinates were used. They were conveniently prepared via the alkylation of the corresponding 
carbodiimides (Scheme 2). The method directly yields the [(aca)Li] precursors from which several 

















Scheme 2. Direct synthesis of the lithium acetamidinates and subsequent transmetallation. (R = 
i-Pr, t-Bu) 
 
Reports of late transition metal amidinate (acetamidinate (aca) and benzamidinate (bza)) 
complexes are relatively rare in the literature, whereas main group metal complexes7 and early 
transition metal complexes6a, 6b, 8 are well represented.9 Recently amidinate complexes of 
aluminium2, 3, 10 and ruthenium11 have received attention. Group 9 amidinate complexes have 
attracted little attention.9a 
The few accounts of catalytic activity of amidinate type ligands deal with polymerisation,12,13 
isomerisation and hydrogenation9a, 14 by group 4 and 5 metals and enantioselective hydrogenation 
by rhodium.9a  
 
Aminotroponimines 
Aminotroponimines H(ati) can be synthesized starting from various starting compounds, the most 
convenient being tropolone.15 Tropolone is first converted to 2-chlorotropone16 or tropone-
p-toluenesulfonate (2-tosyloxytropone).17 These can then be converted directly to 
1,2-diethoxytropylium tetrafluoroborate, which is subsequently refluxed in ethanol with sodium 
ethoxide and the amine for 24 hrs. to give the H(ati).18 This route is particularly convenient for 
aromatic amines. An alternative route to the aminotroponimines is via an aminotropone.19 This 
aminotropone is first prepared from chlorotropone or tosyloxytropone and then O-alkylated20 
yielding the corresponding alkoxytroponimine, or in some cases the alkoxyaminotropylium salt 
(with either tetrafluoroborate or fluorosulfonate as the counterion). After the alkylated intermediate 
has formed, it is reacted (usually in situ) with the amine of choice. This results in an 
aminotroponimine (H(ati)). The latter route is the best method for the preparation of the 
alkyl-substituted aminotroponimines (H(R2-ati)) (See scheme 3). 
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Scheme 3. Synthetic procedures for the N,N-dialkylaminotroponimines and N,N-
diarylaminotroponimines; conditions: a) X = Cl:16 SOCl2, C6H6; X = OTos:17 TosCl, pyridine; b)18 
1: Et3O+BF4-, CH2Cl2, 2: EtOH reflux; c) RNH2, BuOH reflux20b / RNH2 (neat)19; d)20b Me2SO4, 
toluene refl.; e)19 Et3O+BF4-, CH2Cl2, 3h; f)19 RNH2, CH2Cl2, 2h; g)18 NaOEt, ArNH2, EtOH reflux. 
 
Deprotonation of the aminotroponimines (H(ati)), usually with an alkyllithium, generates a 
monoanionic ligand (ati) with a 10 π-electron backbone. 
Late transition metal ati complexes have not received much attention over the last two 
decades.21 The aminotroponiminates have received ample attention in the sixties and seventies,21 
after which the ati ligand was rediscovered only in the nineties,22 when a new, convenient, synthesis 
route19 became available through which also the new tropocoronand ligands (macrocycles 
incorporating two aminotroponimine moieties) were prepared.23 
Catalytic activity of ati complexes has only been reported in a few instances. Roesky et al. 
found that an yttrium aminotroponiminate catalyses alkyne hydroamination.24 Lippard et al. found 
that ati complexes of copper and titanium promoted an enantioselective conjugate addition 
reaction25 and an unsymmetric diol synthesis,26 respectively. 
 
 
5.2 Acetamidinate rhodium olefin complexes 
 
We investigated the i-Pr and t-Bu substituted acetamidinates i-Pr2-aca and t-Bu2-aca. The synthesis 
of their cyclooctadiene and bis(ethene) complexes was attempted. The cod complex 
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[(i-Pr2-aca)RhI(cod)] 1 and the bis(ethene) complex [(i-Pr2-aca)RhI(C2H4)2] 2 were succesfully 
prepared and were found to be stable. The structure of cod complex 1 was determined by X-ray 
diffraction (Figure 1). The Rh(NCN) skeleton is very similar to that of the diphenylbenzamidinate 
complex [(Ph2-bza)RhI(cod)].27 The twist in the cyclooctadiene moiety appears to be intrinsic to the 
cod as it is also observed in rhodium(I) cod complexes of ligands with little steric demand, such as 
[(acac)RhI(cod)].28 The double bonds are not moved out of the N2Rh coordination plane, as 














Figure 1. X-ray structure of [(i-Pr2-aca)RhI(cod)] 1. Selected bond lengths [Å] and angles [º]: 
Rh1-N3 2.082(3), Rh1-N4 2.086(3), Rh1-C18 2.104(4), Rh1-C14 2.106(4), Rh1-C15 2.121(3), Rh1-
C11 2.134(5), Rh1⋅⋅⋅C1 2.512(3), C1-N4 1.322(5), C1-N3 1.323(5), C1-C2 1.507(5), C11-C18 
1.384(7), C14-C15 1.377(5), N3-Rh1-N4 63.10(12), N4-Rh1-C18 155.5(2), N3-Rh1-C14 
156.31(16), N3-Rh1-C15 158.96(17), N4-Rh1-C11 160.03(17), C2-C1-Rh1 171.3(3). 
 
The 1H NMR spectrum of bis(ethene) complex 2 shows only one broad peak for the 
coordinated ethenes. This indicates that their rotation is unhindered, which is to be expected for the 
“open” aca ligand. The displacement of the ethene ligands by cyclooctadiene results in complex 1. 
An attempt to prepare the cis-cyclooctene (coe) complex [(i-Pr2-aca)RhI(coe)] resulted in a 
black and sticky solid, which the 1H NMR spectrum showed to consist of a complex mixture of 
products. Signals from a coordinated coe fragment could not be identified. 
In the case of the t-Bu-aca only the cod complex 3 was obtained, whereas attempts to 
synthesise [(t-Bu2-aca)RhI(C2H4)2] resulted in a complex mixture. All the starting material had been 
consumed; the reaction is either very aselective or the initially formed bis(ethene) complex 
decomposes immediately. 
The cod moieties in 1 and 3 are readily displaced by CO to form the corresponding 
bis(carbonyl) complexes (Chapter 6). 
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Reactivity of the aca complexes 
1, 2 and 3 were tested for their reactivity towards hydrogen, oxidative addition and air. Under 
standard hydrogenation conditions (1 atm. H2, 10 eq. of coe, C6D6) only slow decomposition of the 
complexes was observed. Hydrogenation of cyclooctene was observed only after some complex had 
degraded (1 day) and some metallic rhodium had formed. None of the complexes reacted with MeI; 
complex 3 did not react with bromobenzene even under H2 except that some slow decomposition 
occurred upon standing for days. Both 1 in a C6D6 solution, as well as solid 2 decomposed slowly in 
air. Oxidation of 2 with hydrogen peroxide was fast and aselective. 
 
 
5.3 Aminotroponiminate rhodium olefin complexes 
 
Analogous to the acetamidinates described above, the i-Pr2-ati rhodium(I) cod complex 
[(i-Pr2-ati)Rh(cod)] 4 was obtained. The structure of 4 is C2-symmetric (Figure 2). The cod moiety 
shows the same kind of twist as in 1 (Figure 1). The isopropyl methyl groups in 4 point away from 
the cod moiety, whereas in 1 these methyl groups are directed towards the cod moiety. In ati the 
N-substituents are directed slightly towards the metal and in aca they are actually directed 
completely away from the metal, making the latter a more open ligand. Thus, in 4 the i-Pr groups 
approach the cod ligand more closely, which results in a conformation where the i-Pr methyl groups 
avoid the cod ligand by rotating towards the ligand backbone. In 1 there is so much space between 
the i-Pr groups and the cod ligand that this is not necessary. Which orientation the i-propyl group 
adopts thus results from the competition between steric demand of the ligand and of the olefin 
(coligand). The “rolling angle” is larger in 4 than in 1 (5.8º vs 1.3º), which supports increased 
crowding in 4. 
Analysis of the CSD learns that of all the late transition metal ati complexes reported, only 
two involve the non-cyclic aminotroponiminate ligand whereas the rest involves the tropocoronand 
ligands or similar cyclic ligands which incorporate two aminotroponiminate moieties. Only a 
nickel30 and a cobalt31 complex of a non-cyclic aminotroponiminate ligand have been structurally 
characterised. They both are bis(ati) complexes which lack a coordinated “substrate”. No ati 
rhodium complexes were found in the database. The bis(ati) cobalt(II) complex exhibits almost C2 
symmetry as expected. The C1-C1a bond distance is 1.501 Å (c.f. 4: 1.492 Å); this shows that the 
















Figure 2. X-ray structure of [(i-Pr2-ati)Rh(cod)] 4. Selected bond lengths [Å] and angles 
[º]:Rh1-N1 2.0565(16), Rh1-C12 2.117(2), Rh1-C13 2.144(2), N1-C1 1.328(3), N1-C5 1.490(2), 
C1-C2 1.416(3), C1-C1a 1.492(4), C2-C3 1.377(3), C3-C4 1.369(3), C12-C13 1.390(3), 
N1-Rh1-N1a 78.46(9), N1a--Rh1-C12 154.82(9), N1a-Rh1-C13 166.45(8). 
 
When [(i-Pr2-ati)Li] is reacted with [(µ-Cl)RhI(C2H4)2] the bis(ethene) complex 
[(i-Pr2-ati)RhI(C2H4)2] 5 appears to be formed aselectively. The 1H NMR spectrum showed that the 
mixture contains approx. 10% of an ati bis(ethene) complex. The starting complex [(i-Pr2-ati)Li] 
could be distinguished in the NMR spectrum of the mixture. Carrying out the reaction in toluene did 
not improve the selectivity. Evaporation of the toluene, followed by extraction with hexane, yielded 
a purer sample of 5, which appeared to be stable in solution. 
A stable t-Bu2-ati rhodium(I) cod complex [(t-Bu2-ati)RhI(cod)] (6) was obtained. The 
chemical shifts in the 1H and 13C NMR spectra were rather different from those of 
[(i-Pr2-ati)Rh(cod)] 4. The tropone ring resonances have shifted strongly upfield. Judging from the 
Rh-C couplings in the 13C spectrum, a structure with the tropone ring π-coordinated to the rhodium 
atom seems likely (c.f. π-coordinated structures of rhodium phenolates).32 Unfortunately, the 
crystals of 6 turned out to be too unstable for X-ray diffraction. In the DFT∗ optimised structure, 
(Figure 3, left) started from a side on π-coordinated ati start-geometry, three carbons (C 2a, 2, 3 in 
the seven-membered ring) are bonded to rhodium. Although this demonstrates that such a structure 
represents a local minimum, it is not informative as to the relative stabilities of the π-coordinated 
versus the N-coordinated species.  
 
                                                 
∗ For details see section 5.5. 





























DFT Solution  
Figure 3. Possible bonding mode for [(t-Bu-ati)Rh(cod)] 6; DFT calculation (left) and proposed 
fluxionality in solution (right). 
 
The DFT structure is compatible with the NMR data if fluxionality between two mirror-image 
structures (Rh bonded to C2/C2a/C3 and to C2/C2a/C3a) is assumed in solution (Figure 3, right).  
Apparently, the increased steric bulk of the tert-butyl groups, compared to the isopropyl 
groups in 4, forces the rhodium cod fragment out of the ligand plane, into an alternative bonding 
mode. To our knowledge π-coordination of the ati seven-membered ring has not been reported yet. 
 
Reactivity of [(i-Pr2-ati)Rh(cod)] 4 
Under 1 bar H2 a tenfold excess of coe in C6D6 was fully hydrogenated only after one week. During 
this time, the formation of metallic rhodium was observed. Thus coe hydrogenation is probably due 
to this metallic rhodium. In the presence of methyl iodide no selective reaction occurs; only slow 
decomposition of the complex was observed. Displacement of the cod moiety by CO led to the 





The stability of the rhodium complexes in this chapter strongly depends on the steric demand of the 
substituents at the nitrogen donor atoms. For both the acetamidinate and aminotroponiminate series 
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the i-Pr substituted bis(ethene) complexes are still accessible, whereas the t-Bu substituted ones are 
not. 
The behaviour of the cod complexes reveals a difference between aca and ati complexes. In 
the aca series cod complexes of i-Pr and t-Bu substituted ligands behave similarly. In the ati series 
the bulk of the tert-butyl groups in combination with the smaller ligand bite-angle forces the metal 
out of the N2- donor site of the ligand towards an unprecedented alternative π-bonding mode.  
Unfortunately the obtained complexes exhibit either no reactivity at all towards the substrates 
applied, or in some cases, unselective decomposition. In chapter 6 an attempt will be made to gain 
further insight in the behaviour of these complexes by comparing them to the other mono-anionic 
nitrogen-donor ligands in this thesis.  
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5.5 Experimental section 
 
General remarks: All manipulations were carried out in an argon atmosphere under standard 
Schlenck conditions. All solvents (including the deuterosolvents) were distilled from 
Na/Benzophenone prior to use. NMR measurements were performed on the following 
spectrometers: Bruker DPX200 and Varian VXR200S (200 MHz), Bruker AC300 (300MHz), 
Bruker AN400 and Varian Inova400 (400MHz), Bruker AVANCE DRX500 (500 MHz).  
 
Crystal structure determinations: Crystals were mounted in thin-walled glass capillaries under 
Ar. Details of all structure determinations are collected in Table 1. Since the glass capillaries 
prevented accurate descriptions of the crystal shape, semi empirical absorption corrections33 were 
applied for both structures. The structures were solved using the PATTY option 34 of the DIRDIF-
96 program system.35 Refinements were carried out with the SHELXL-97 package.36 All non-
hydrogen atoms were refined with anisotropic temperature factors. The hydrogen atoms were 
placed at calculated positions, and refined isotropically in riding mode. For compound 4 the 
hydrogen atoms were subsequently refined freely. All refinements were full-matrix least-squares on 
F2. Geometrical calculations were carried out with the PLATON-93 program37 and did not reveal 
unusual geometric features, nor unusual short intermolecular contacts. Moreover, the calculations 
revealed no higher symmetry and no solvent accessible areas. 
 
Computational details: The DFT calculations were carried out with the Turbomole program38 
coupled to the PQS Baker optimizer.39 Geometries were fully optimized as minima or transition 
states at the ridft40 BP86 level41 using the Turbomole SV(P) basisset42 on all atoms (def-SVP 
pseudopotential basis43 on Rh and Ir). 
 
Experimental data of the acetamidinate complexes 
The lithium amidinate precursors were prepared according to literature procedures11c. A reaction 




(1): 105 mg (0.71 mmol) of (i-Pr2-aca)Li in 5 ml THF was added to a suspension of 154 mg (0.35 
mmol) of [(µ-Cl)Rh(cod)]2 in THF at -78°C. The mixture was stirred for half an hour and then 
allowed to warm up to room temperature. The solvent was removed in vacuo. The brown product 
mixture was extracted with hexane. Crude yield ~90% (NMR) Recrystallisation from hexane 
yielded dark yellow crystals which were suitable for X-ray diffraction. Elemental analysis 
calculated (%) for C16H29N2Rh (352.3): C 54.39, H 8.56, N 7.93; found: C 55.15, H 8.91, N 7.44. 
1H NMR (200.13 MHz, 25°C, C6D6): δ (ppm) = 0.93 (d, J = 6.3 Hz, 12H; CH(CH3)2), 1.34 (s, 3H; 
CH3C(N)2 ), 1.56 (q, J1 = 15.3 Hz, J2 = 7.1 Hz, 4H; cod CHaHb), 2.31 (m, 4H; cod CHaHb), 3.19 (m, 
J1 = 6.3 Hz, JRh,H = 2.5 Hz, 2H; CH(CH3)2), 4.46 (q-like, broad 4H; 4 × cod HC=CH); 13C NMR (75 
MHz, 25°C, C6D6): δ (ppm) = 10.57 (d, J = 1.2 Hz, 1C; CH3C(N)2), 25.04 (s, 4C; CH(CH3)2), 31.31 
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(s, 4C; 4 × cod CH2), 48.21 (d, JRh,C = 2.3 Hz, 2C; CH(CH3)2), 75.23 (d, JRh,C = 12.1 Hz, 4C; 4 × 
cod HC=CH), 178.65 (d, JRh,C = 4.3 Hz, 1C; CH3C(N)2).  
 
[N,N’-diisopropylacetamidinato-bis(ethene)-rhodium(I)], [(i-Pr2-aca)Rh(ethene)2] (2): For this 
compound the same procedure was applied as described above for compound 1, using 207.2 mg 
(1.40 mmol) of lithium diisopropylacetamidinate and 269.1 mg (0.69 mmol) of [Rh(µ-Cl)(C2H4)2]2. 
Yield ~85% (NMR). 1H NMR (400 MHz, 25°C, C6D6): δ (ppm) = 0.91 (d, J = 6.5 Hz, 12H; 
CH(CH3)2), 1.33 (s, 3H; CH3C(N)2), 2.94 (s, broad, 8H; C=CHaHb), 3.12 (m, J1 = 6.5 Hz, JRh,H = 
2.4 Hz, 2H; CH(CH3)2); 13C NMR (50,32 MHz, 25°C, C6D6): δ (ppm) = 10.61 (d, J = 1.5 Hz, 1C; 
CH3C(N)2), 24.29 (s, 4C; CH(CH3)2), 48.19 (d, JRh,C = 2.2 Hz, 2C; CH(CH3)2), 59.83 (d, broad, 
JRh,C = 10.7 Hz, 4C; H2C=CH2), 170.44 (d, JRh,C = 4.0 Hz, 1C; CH3C(N)2). 
 
[N,N’-di(tert-butyl)acetamidinato-(η2:η2-1,5-cyclooctadiene)-rhodium(I)], [(t-Bu2-aca)Rh(cod)] 
(3): At -78°C 0.26 mL (1.4 mmol) of t-butylcarbodiimide was added to 0.98 mL (1.4 mmol) of a 
methyllithium solution in ether (1.4 M). The solution was then stirred at -78°C for an hour, after 
which the mixture was allowed to warm up to room temperature and cooled again before adding it 
to a suspension of 300 mg (0.7 mmol) of [(µ-Cl)Rh(cod)]2 in diethylether. (If the mixture is not 
warmed up the formation of [ (µ-CH3)Rh(1,5-cod)]2 occurs.) The reaction mixture was stirred for 3 
hrs at -78°C and again allowed to warm up to room temperature. The diethylether was removed in 
vacuo and the dark coloured solids were extracted with hexane. Yield ~90% (NMR). 1H NMR, 
(200.13 MHz, 25°C, C6D6): δ (ppm) = 1.10 (s, 18H; C(CH3)3), 1.58 (q, J = 7.9 Hz, 4H; cod CHaHb), 
1.78 (s, 3H; CH3C(N)2), 2.27 (m, broad, 4H; cod CHaHb), 4.53 (s, 4H, broad; 4 × cod HC=CH); 13C 
NMR (50.32 MHz, 25°C, C6D6): δ (ppm) = 20.91 (d, JRh,C = 1.2 Hz, 1C; CH3C(N)2), 31.24 (s, 4C; 4 
× cod CH2), 31.65 (s, 4C; C(CH3)3), 54.31 (d, JRh,C = 2.0 Hz, 2C; CH(CH3)2), 74.39 (d, JRh,C = 12.4 
Hz, 4C; 4 × cod HC=CH), 174.08 (d, JRh,C = 3.6 Hz, 1C; CH3C(N)2) 
 
Experimental data of the aminotroponiminate complexes 
The lithium precursors were always freshly prepared by adding a solution of LDA in diethylether or 
THF to a solution or suspension of the aminotroponimine at –78°C. The cold solution was then used 
directly for further reaction with the rhodium precursor. 
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Table 1. Details of X-ray structure determinations. 
 1 4 
Crystal colour  transparent light yellow transparent brown-red 
Crystal shape  large rather regular fragment rather regular fragment
Crystal size [mm] 0.70 × 0.48 × 0.23 0.38 × 0.33 × 0.29 
Empirical formula  C16H29N2Rh C21H31N2Rh 
Formula weight  352.32 414.39 
Temperature [K] 293(2) 293(2) 
Radiation (graph. monochrom.) MoKα MoKα 
Wavelength [Å] 0.71073 0.71073 
Crystal system Orthorombic monoclinic 
Space group Pbca C2/c 
Unit cell: no of reflections 25 25 
θ Range 10.472 to 12.904 10.396 to 11.930 
a [Å] 10.8791(15) 11.776(2) 
b [Å] 9.9618(9) 15.730(2) 
c [Å] 30.780(3) 11.8456(19) 
α [º] 90 90 
β [º] 90 119.078(14) 
γ [º] 90 90 
Volume [Å3] 3335.8(6) 1917.6(5) 
Z, Calculated density [Mg m–3]  8, 1.403 4, 1.435 
Absorption coefficient [mm–1]  1.015 0.895 
Diffractometer  Enraf-Nonius CAD4 Enraf-Nonius CAD4 
Scan ω-scan ω/2θ scan 
F(000) 1472 864 
θ Range for data collection [º] 2.65 to 27.48 2.59 to 27.47 
Index ranges  -14 ≤ h ≤ 0 -15 ≤ h ≤ 13 
 -12 ≤ k ≤ 0 -20 ≤ k ≤ 0 
 -39 ≤ l ≤ 0 0 ≤ l ≤ 15 
Reflections collected / unique  3820 / 3820 2310 / 2205 
[Rint] 0.0000 0.0132 
Reflections observed [Io > 2σ(Io)] 2393 1997 
Absorption correction semi-empirical ψ-scan semi-empirical ψ-scan 
ψ-Scan transm. factors 1.117 and 0.921 1.043 and 0.940 
Data / restraints / parameters 3820 / 0 / 189 2205 / 0 / 156 
Goodness-of-fit on F2  1.047 1.045 
SHELXL-97 weight parameters 0.0381, 2.8767 0.0433, 0.2451 
Final R1, R wR2 [I > 2σ(I)] 0.0381, 0.0864 0.0249, 0.0622 
R1, wR2 (all data) 0.0710, 0.1010 0.0298, 0.0644 




[(i-Pr2-ati)Rh(cod)] (4): At -78°C 119.4 mg (0.57 mmol) of fresh (i-Pr2-ati)Li in 5 mL THF was 
added to a suspension of 123.3 mg (0.28 mmol) of [Rh(µ-Cl)(cod)]2 in THF. The mixture was 
stirred for half an hour at -78°C and allowed to warm to room temperature. The solvent was 
removed in vacuo. The mixture was extracted with hexane, yielding brown solids. Yield ~90% 
(NMR). Recrystallisation from hexane yielded yellow crystals that were suitable for X-ray analysis. 
Elemental analysis calculated (%) for C21H31N2Rh (414.4): C 60.87, H 7.54, N 6.76; found: C 
60.89, H 7.67, N 7.32. 1H NMR (200.13 MHz, 25°C, C6D6): δ (ppm) = 1.36 (d, J = 7.2 Hz, 12H; 
CH(CH3)2), 1.89 (q, J ≅ 7.6 Hz, 4H; cod CHaHb), 2.40 (m, broad, 4H; cod CHaHb), 3.42 (m, J1 = 7.2 
Hz, 2H; CH(CH3)2), 3.88 (s, broad, 4H; cod HC=CH), 6.35 (t, J = 9.2 Hz, 1H; troponcycle CH 5 ), 
6.79 (t, J = 10.4 Hz, 2H; troponcycle CH 4 and 6), 6.99 (d, J = 10.9 Hz, 2H; troponcycle CH 3 and 
7); 13C NMR (50 MHz, 25°C, C6D6): δ (ppm) = 20.62 (s, 4C; CH(CH3)2), 31.94 (s, 4C; cod CH2), 
49.79 (d, JRh,C = 1.0 Hz, 2C; CH(CH3)2), 77.60 (d, JRh,C = 12.5 Hz, 4C; cod HC=CH), 115.58 (d, 
JRh,C = 2.0 Hz, 2C; troponcycle C 3 and 7), 118.24 (s, 1C; troponcycle C 5), 130.65 (s, 2C; 
troponcycle C 4 and 6), 166.25 (d, JRh,C = 1.3 Hz, 2C; troponcycle C 1 and 2).  
 
[N,N’-diisopropylaminotroponiminato-bis(ethene)-rhodium(I)], [(i-Pr2-ati)Rh(ethene)2] (5): 
The same procedure was followed as for 4, using 207.2 mg (1.40 mmol) of (i-Pr2-ati)Li and 150 mg 
(0.77 mmol) of [Rh(µ-Cl)(C2H4)2]2. Yield after extraction: 10%. 1H NMR (400MHz, 25°C, C6D6): 
δ (ppm) = 1.33 (d, J = 7.3 Hz, 12H; CH(CH3)2)), 2.17 (m, J1 = 9.0 Hz, J2 = 4.1 Hz, 4H; C=CHaHb), 
3.11 (m, J1 = 9.0 Hz, J2 = 3.9 Hz, 4H; C=CHaHb), 3,49 (m, J1 = 7.2 Hz, JRh,H = 1.2 Hz, 2H; 
CH(CH3)2), 6,37 (t, J = 9,2 Hz, 1H; troponcycle CH 5), 6.83 (dd, J1 = 10.3 Hz, J2 = 10.7 Hz, 2H; 
troponcycle CH 4 and 6), 7.07 (d, J = 10.9 Hz, 2H; troponcycle CH 3 and 7); 13C NMR (100 MHz, 
25°C ,C6D6): δ (ppm) = 20.77 (s, 4C; CH(CH3)2), 47.70 (d, JRh,C = 1.3 Hz, 2C; CH(CH3)2), 60.01 
(d, JRh,C = 12.2 Hz, 4C; H2C=CH2), 115.97 (d, JRh,C= 2,1 Hz, 2C; troponcycle C 3 and 7), 119.32 (s, 
1C; troponcycle C 5), 130.73 (s, 2C; troponcycle C 4 and 6), 166.47 (d, JRh,C = 1.7 Hz, 2C; 
troponcycle C 1 and 2). 
 
[N,N’-di(tert-butyl)aminotroponiminato-(η2:η2-1,5-cyclooctadiene)-rhodium(I)], 
[(t-Bu2-ati)Rh(cod)] (6): A suspension of [(µ-Cl)Rh(cod)]2 was added to a solution of 355 mg of 
fresh (t-Bu2-ati)Li (1.53 mmol) in diethylether at -78° C. The solution was stirred for 1½ hrs after 
which the solvent was removed in vacuo. The mixture was extracted with toluene, yielding a brown 
solid. Yield ~65%, impure sample. 1H NMR (200.13 MHz, 25°C, C6D6): δ (ppm) = 1.50 (m, broad, 
J1 = 8.2 Hz, 4H; cod CHaHb), 1.66 (s, 18H; C(CH3)3), 2.28 (m, broad, 4H; cod CHaHb), 3.53 (s, 
broad, 4H; cod HC=CH), 4.26 (d, J = 9.4 Hz, 2H; troponcycle CH 3 and 7), 4.44 (dd, J1 = 6.7 Hz, J2 
= 6.3 Hz, 2H; troponcycle CH 4 and 6), 5.11 (t, J = 6.5 Hz, 1H; troponcycle CH 5); 13C NMR (50 
MHz, 25°C, C6D6): δ (ppm) = 32.12 (s, 6C; C(CH3)3), 33.41 (s, 4C; cod CH2), 55.72 (s, 2C; 
C(CH3)3), 71.30 (d, JRh,C = 8.0 Hz, 2C; troponcycle C 4 and 6), 77.53 (d, JRh,C = 13.6 Hz, 4C; cod 
HC=CH), 96.11 (d, JRh,C = 3.2 Hz, 2C; troponcycle C 3 and 7), 101.95 (s, 1C; troponcycle C 5), 
165.91 (s, 2C; troponcycle C 1 and 2). 
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The starting point of this study into the reactivity of N2- rhodium olefin complexes was the 
extraordinary and broad reactivity of the rhodium olefin complexes of the β-diiminate ligand xylLMe 
(Chapter 2).1 The aim of the research described in this thesis was, on the one hand, to further 
explore the reactivity of xylLMe complexes, and on the other hand to survey the scope of rhodium 
complexes of mono-anionic bidentate nitrogen donor ligands. This might lead to new insights in 
tailoring the electronic and steric properties of such complexes. For this purpose a range of 
stabilised anionic nitrogen donor ligands were screened, as decribed in the previous chapters. In this 
chapter the geometrical data obtained from the isolated complexes in chapters 2 to 5 are 
complemented with geometrical and electronic data obtained from IR measurements, and DFT 
calculations on these ligands and related (model) ligands. All ligands studied in this thesis, 












































With the bisoxazolinates (R2-box) enantioselective reactivity was expected and indeed found 
in one case (Chapter 3). However, the reactivity and stability of the intended rhodium olefin 
complexes were quite different from those observed with the xylLMe rhodium complexes. In order to 
establish which features of the β-diiminate and bisoxazolinate ligands are responsable for the 
observed differences, some ligands with intermediate properties were investigated in chapter 4. 
Unfortunately, these ligands either did not give stable complexes, or revealed no reactivity that 
enabled us to draw conclusions about the observed differences in reactivity.  
The same applies to the acetamidinate (R2-aca) and aminotroponiminate (R2-ati) ligands 
reported in chapter 5. Again either the desired complexes could not be isolated, or they exhibited no 
reactivity on the basis of which a thorough comparison of the complexes in this thesis could be 
made. 
In this chapter we attempt to obtain a more consistent and complete picture of ligand effects 
on the stability, reactivity and properties of the N2- rhodium(I) complexes. To this end, structural 
data for N2- and related complexes have been collected from our work and from the literature. In 
addition, spectroscopic data (νCO of carbonyl complexes) have been obtained for a number of 
ligands. To broaden the basis of data available for analysis of steric and electronic properties, 
theoretical methods have been used to calculate structures of bis(ethene) complexes, ethene 
dissociation energies, ligand radical stabilities, and CO stretch frequencies. 
In the next section we attempt to evaluate the steric properties of the various ligands using 
selected steric descriptors, applied to both experimental and calculated structures. Next, we evaluate 
the donor properties of the various ligands on the basis of CO stretch frequencies, ethene 
dissociation energies and ligand radical stabilities. Finally, we try to correlate the steric and 
electronic ligand properties with the experimentally observed complex stabilities and reactivities. 
 
 
6.2 Steric effects 
 
Definition of structural parameters 
Through variation of the substituents at nitrogen it is possible to vary the steric congestion around 
the metal over a wide range. The effect of steric congestion of the ligand on the ethenes in a 
bis(ethene) complex is clearly illustrated by the CPK models shown in figure 1. On the left the 
X-ray structure of the very open, uncongested [(acac)Rh(C2H4)2]2, 3 (acac = acetylacetonate) is 
shown, on the right the very sterically congested and distorted [(Me4-box)Ir(C2H4)2]. 
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Figure 1. CPK models of a very open (left) and a very congested (right) bis(ethene) complex. 
 
Changes in the ligand backbone affect the amount of space available around the metal. To 
compare complexes belonging to different classes of ligands, we need to develop measures for 
steric hindrance that are not too dependent on the precise structure of the N2- ligand. 
One measure for the amount of steric congestion imposed by the ligand is the deformation of 
bis(ethene) and cod complexes from ideal square planarity. Brown et al. proposed four types of 
distortion from symmetric dihapto-alkene bonding to quantify this deformation.2 One of these, the 
“rolling angle” φ  (torsion angle Cg-Rh-Ncis-Ntrans; Cg = alkene-centroid) quantifies the degree in 
which the alkene is forced out of the N-Rh-N plane (Figure 2, left).  
Another parameter that gives information on the steric hindrance of the ligands is the degree 
in which the two ethene moieties in an ethene complex are forced towards each other. As a measure 
for this ‘compression’ we have used the ‘space angle’ χ between the two planes, perpendicular to 
the N-Rh-N plane, through the ethene-centroids and the metal (Figure 2, right). 
As the hydrogens of the ethenes tend to evade each other by “interlocking”, which is only 
possible by “rolling” of the olefins, these two angles cannot be considered separately, but together 
they offer a reasonable measure for the distortion of the ideal coordination geometry by the ligand.  
Furthermore, the ethene C=C bond distances, the Rh-centroid distances and the Rh-N bond 
distances will be considered, as they might give information on both steric and electronic trends.  
As the double bonds in cod cannot move or rotate independently, and their mutual distance is 
more or less fixed, the space angle χ of the cod complexes cannot be compared to those of the 

























Figure 2. ‘Rolling angle’ φ and ‘space angle’ χ. 
 
Crystal structures 
Table 1 displays the relevant steric parameters for rhodium(I) ethene and cod complexes 
available from our research or from the literature. In the first part of table 1 we find only 
β-diiminate and box complexes (No other X-ray structures were found of rhodium(I) bis(ethene) 
complexes with the N2- ligands used in this thesis). The X-ray structure of acetylacetonate 
rhodium(I) bisethene was added for comparison as this is a very open and sterically uncongested 
structure. Only one X-ray of a β-diiminate rhodium(I) cod complex was available (Table 1, lower 
part), the other examples are the available X-ray structures of rhodium(I) cod complexes of the 
other ligands investigated in this thesis. 
It is clear that, because of the diversity among the few examples given in table 1, a good 
analysis of trends is not feasible. The most extreme cases are the Me4-box iridium bis(ethene) and 
the acetylacetonate rhodium bis(ethene) structures. They show a highly congested structure with 
strongly displaced ethenes and a very open, undistorted structure, respectively. Furthermore it can 
be noted that the distortion angles φ and χ, as well as the other steric parameters, only differ 
marginally between [(Ph2-box)Rh(C2H4)2] and [(Me2-box)Rh(C2H4)2], suggesting a comparable 
steric (and electronic) demand of the ligands.  
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Table 1. Steric parametersa of available X-ray structures of (N2-)Rh bis(ethene) and cod complexes. 
 φ (rolling angle) X-M-X (bite angle)b χ (space angle) M-Nb, Cg-Mb C=C 
[(xylLMe)Rh(C2H4)2]1d 12.3 89.1 89.2 2.090 2.122 1.378 
[(Ph2-box)Rh(C2H4)2] 10.2 88.2 88.1 2.063 2.010 1.393 
[(Me2-box)Rh(C2H4)2]4 9.6 88.4 89.8 2.057 2.006 1.382 
[(Me4-box)Ir(C2H4)2] 14.4 90.9 81.8 2.111 1.988 1.415 
[(acac)Rh(C2H4)2]2,  0.3 90.9 96.8 2.062 2.030 1.382 
[(xylLMe)Rh(cod)]1b 5.9 89.2  2.095 2.043 1.361 
[(i-Pr2-aca)Rh(cod)] 1.3 63.1  2.085 2.000 1.381 
[(i-Pr2-ati)Rh(cod)] 5.8 78.1  2.056 1.996 1.389 
[(Ph2-bza)Rh(cod)]*, 5 1.7 63.2  2.100 2.019 1.425 
a) angles in degrees (°), bond distances in Å, values reported are mean values over both C=C bonds. 
b) X = N, O; M = Rh, Ir 
c) Ph2-bza = N,N-diphenylbenzamidinate 
 
Geometrical parameters from DFT structure optimisations 
DFT calculations* enabled us to get geometrical and electronic details for enough bis(ethene) 
complexes to perform a more thorough analysis. Apart from the bis(ethene) complexes that could 
be obtained and characterised, some of the complexes that could not be obtained experimentally 
(See chapters 2-5) have also been included in the calculations. Further some model compounds 
were included, which were not evaluated experimentally (i.e. Lcyc and Me2-afk), but might help 
separate steric and electronic effects (For ligands see scheme 1). 
The structural parameters obtained from the DFT optimised geometries of the rhodium 
bis(ethene) complexes are displayed in table 2. The bite angles (N-Rh-N) have been left out as they 
are more or less constant throughout a class of ligands; Me2-afk: 98.1º, diiminates 90.6º, 
bisoxazolinates 89.2º, aminotroponiminates 78.9º, acetamidinates 63.2º. The bite angles 
demonstrate the relative “openness” of the ligand backbones. The observed order is as you would 
expect on going from four carbons in the backbone core (afa) to one carbon (aca). 
Furthermore, the calculated ethene C=C bond distances differed so little that no useful 
information could be obtained from them.  
As we are investigating the stability and reactivity of bis(ethene) complexes we also 
calculated the ethene dissociation energies. It could be expected that ethene dissociation energies 
are strongly affected by steric congestion. If ethene dissociation enables decomposition, one would 
also expect a correlation between dissociation energies and complex stabilities. 
 
                                                 
* For details see section 6.6. 
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Table 2. Geometrical parameters and ethene dissociation energies of rhodium(I) bis(ethene) 
complexes, obtained from DFT optimised structures. 
Ligand φ (º)a χ (º) Rh-N (Å)a Cg-Rh (Å)a ∆Ediss (kcal/mole) 
MeLMe 13.20 86.75 2.121 2.027 21.1
iPrLMe 15.02 84.12 2.153 2.032 9.7
PhLMe 16.06 85.44 2.118 2.035 19.8
xylLMe 14.88 85.83 2.124 2.038 19.6
C6F5LMe 17.57 84.85 2.115 2.033 25.3
MeLOMe 14.09 88.36 2.115 2.023 26.1
MeLCF3 16.29 84.77 2.121 2.032 19.6
Lcyc 7.11 89.61 2.094 2.033 29.7
H2-box 10.31 91.08 2.087 2.019 35.5
Me2-box 13.96 89.03 2.084 2.020 34.1
t-Bu2-box 19.63 88.81 2.097 2.019 22.2
Ph2-box 12.37 89.83 2.096 2.020 34.1
Me4-box 16.82 84.48 2.160 2.014 22.4
Me2-aca 0.73 97.18 2.108 2.012 37.3
i-Pr2-aca 6.36 94.12 2.131 2.016 33.7
t-Bu2-aca 1.11 93.20 2.141 2.018 30.2
Me2-ati 4.74 92.93 2.075 2.027 32.0
i-Pr2-ati 6.11 90.73 2.087 2.030 23.6
t-Bu2-ati 5.00 87.83 2.198 2.025 8.0
Me2-afk 21.34 79.96 2.150 2.028 11.7
a) average 
 
The angles φ and χ together give information on the degree in which the ethenes have been 
displaced from ideal square planar coordination. In chart 1 these angles have been ordered per 
ligand class and, within each class, according to increasing rolling angle.  
The XY plot in chart 2 shows that there is a fair correlation between the two parameters; in 
general, the space angle goes down when the rolling angle goes up. This is to be expected as the 
increase in steric demand forces the ethenes closer together (space angle) and consequently the 
ethenes avoid each other in a conrotatory fashion (rolling angle) to reduce contact between the 
ethene hydrogens. 
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Within the aca and ati classes the isopropyl substituted analogues show both a bigger rolling 
angle and a bigger space angle than their t-Bu counterparts (the ethenes are forced together less, but 
nonetheless are forced out of the coordination plane more). This can be explained by the fact that in 
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these complexes the ethenes can “interlock” (See section 3.4) with the isopropyl C-H hydrogen to 
avoid being pushed together further. This, however, results in a higher rolling angle.  
On the whole, we believe that the space angle χ gives the best description of the 
“compression” caused by the N2- ligand. On this basis we would classify the steric demands of the 
ligands as: aca < ati < box, MeL < ArL < afk, as expected. However, putting a tertiary alkyl group at 
nitrogen (Me4-box, tBuLMe; strictly speaking these two ligands are direct analogues) shifts a ligand 
by at least one group in this classification, demonstrating that the steric effects of backbone changes 
(aca, ati, box, L) and of N-substituent variation are comparable in order of magnitude.  
Looking at xylLMe and PhLMe we conlude that the methyl groups in the 2,6-dimethylphenyl 
groups of xylLMe do not affect χ much, probably because they are far above and below the 
coordination plane. 
Within the group of β-diiminates (L) the differences are less pronounced than in the other 
ligand groups. Furthermore, it appears that electronic influences play a more prominent role. When 
considering the triad xylLMe ≤ PhLMe < C6F5LMe the increase in distortion seems counter-intuitive. A 
look at table 2 shows that the Rh-Cg distance (Cg = ethene centroid) decreases on going from xylLMe 
to C6F5LMe. This ‘metal-ethene contraction’, which is probably due to electronic factors (see below) 
results in a more congested situation. The same effect also appears to be involved for Lcyc and 
H2-box. Sterically nearly no differences are expected among the two unsubstituted cyclic ligands. 
Nonetheless H2-box exhibits more distortion and a shorter Rh-Cg distance then Lcyc. 
 
 
6.3 Electronic effects 
 
Spectroscopy 
The ethene 1H and 13C NMR parameters for the complexes that could be prepared show only small 
differences without any clear trends. In order to obtain more experimental data on electronic effects, 
we prepared the rhodium(I) bis(carbonyl) complexes for most of the ligands. One of these 
complexes, [(i-Pr2-ati)Rh(CO)2] 1, was isolated and could be fully characterised (Figure 3).  
In the unit cell two crystallographically independent molecules could be distinguished. A side 
view of the two independent molecules is given in figure 4. In one molecule (A) the 
aminotroponiminate ligand is twisted resulting in a slightly distorted square planar geometry with 
one aminotroponimine nitrogen above and one below the Rh(CO)2 plane. In the other (B) the 
aminotroponimine backbone is virtually flat but the rhodium bis(carbonyl) fragment is tilted out of 
the aminotroponimine plane, resulting in an almost ideally square planar surrounding of Rh. The 
angle between the aminotroponiminate backbone plane and the rhodium bis(carbonyl) plane in B 
(Figure 3) is approximately 20 degrees. In both molecules the i-Pr methyl groups are directed 
towards the CO ligands, demonstrating the low steric demand of CO (c.f. [(i-Pr2-ati)Rh(cod)] 
section 5.3). Apparently the energy needed for the deformation of 1 to either structure A or B is so 
low that it can be induced by packing forces. 
















Figure 3. Structure of [(i-Pr2-ati)Rh(CO)2] 1. One of two crystallographically independent 
molecules (A and B) is shown. Selected bond lengths [Å] and angles [º] for molecule A {B}: Rh1-
C22 1.834(9) {1.827(10)}, Rh1-C21 1.843(11) {1.839(9)}, Rh1-N2 2.047(6) {2.048(5)}, Rh1-N1 
2.051(5) {2.025(6)}, N1-C1 1.306(8) {1.344(8)}, N2-C2 1.359(8) {1.334(8)}, C1-C2 1.468(9) 
{1.474(9)}, C21-O21 1.148(10) {1.136(9)}, C22-O22 1.145(9) {1.148(10)}, C21-Rh1-N2 173.6(4) 
{172.7(3)}, C22-Rh1-N1 172.2(3) {176.5(4)}, N2-Rh1-N1 78.3(2) {77.2(2)}, C1-N1-C8 119.7(6) 







Figure 4. Side views of the two crystallographically independent molecules A and {B} of compound 
1. (For selected bond lengths and angles see figure 2) Torsion angles [°] around the C1-C2 bond 
are: N1A-C1A-C2A-N2A 161.6° {178.6}. 
 
The CO stretch frequencies (νCO) measured or calculated (PM3 vibration analysis) for several 
diiminate type rhodium(I) bis(carbonyl) complexes are shown in table 3. The PM3 calculated 
stretch frequencies were added to help classify the ligands for which no stable complexes could be 
obtained, or which were not considered experimentally. We see that the calculations do predict the 
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trends within ligand classes rather well, but the differences between the different types of ligands 
are not reliable enough to allow a complete analysis based only on the calculated νCO. 
The value of νCO can be used as an indicator for the donor or acceptor strength of a series of 
ligands as the amount of π-backbonding from the metal to the carbonyl π* orbital directly affects 
the CO bond.6 In the bonding of CO to the metal, π-back-bonding, which weakens the C-O bond, 
dominates. Thus a strongly donating ligand will lead to a relatively low νCO. Furthermore, the steric 
demand of CO is small and hence bonding is expected to be only weakly influenced by the steric 
bulk of the nitrogen ligands.  
 
Table 3. Experimental and PM3 calculated infrared symmetric CO stretch frequencies of diiminate 
type rhodium bis(carbonyl) complexes. 
 experimental calculated (PM3) 
MeLMe 2158.8 
iPrLMe 2046.9 2152.8 
tBuLMe 2036.9b 2140.5b 
PhLMe 2171.2 
xylLMe 2058.0 2173.9 
C6F5LMe 2074.3 2184.3 
Lcyc 2178.6 
H2-box 2182.8 
Ph2-box 2071.7 2176.4 
BBOMa 2069.0 2171.6 
Me2-ati 2182.6 
i-Pr2-ati 2043.6 2168.2 
t-Bu2-ati 2047.0 2176.5 
p-Tol2-ati 2047.5 2176.0 
Me2-aca 2181.3 
i-Pr2-aca 2063.9 2174.6 
t-Bu2-aca 2050.9 2172.1 
[(µ-Cl)Rh(CO)2]2 2092.0c 2201.0c 
[(acac)Rh(CO)2]7 2071.0 2202.4 
[(acac)Ir(CO)2]7 2061.0 2243.2 
a) Taken from the literature,8 see drawing below. 
b) Possibly alternative side-on π-bonding mode (side-on bonding found in PM3 calculation). 
c) The IR spectrum shows four peaks in the νCO region because of the dimeric structure of [(µ-Cl)Rh(CO)2]2, for 






Nonetheless, it appears from the data collected in table 3 that in some cases steric effects are 
large enough that they result in drastic distortions and hence in large effects on νCO. For example, 
PM3 calculations predict that for tBuLMe the RhI fragment will be π-coordinated to the ligand 
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backbone rather than σ-bound to the nitrogens, resulting in a much lower νCO; the observed νCO is 
abnormally low.  
The experimental values allow a classification of the different classes of ligands according to 
their donor strength: ati ≅ RLMe > aca ≅ ArLMe > box ≅ C6F5LMe.  
 
Ethene dissociation energies (DFT) 
As we saw in chapters 2 to 5 many of the complexes that we attempted to prepare are unstable. The 
mechanism of their decomposition is unclear. Olefin dissociation might be the initial step; in that 
case, ethene dissociation energies (Table 2) should reveal a correlation with the reactivity observed.  
The fact that the ethene C=C bonds differ only marginally among the complexes in table 2 (all 
calculated distances between 1.412 and 1.423 Å) shows that according to DFT π-backbonding to 
the ethene ligands is of little importance. A closer look at the ethene dissociation energies and Rh-
Cg distances (Chart 3) also suggests that ethene to rhodium σ-donation prevails over rhodium to 
ethene π-back-donation. 
Chart 3 has been ordered per ligand class according to decreasing ethene dissociation energy. 
 












































































































































The acetamidinate and aminotroponiminate series exhibit the clearest trends. The ethene 
dissociation energy goes down with increasing steric demand (Me < i-Pr < t-Bu), and the Rh-Cg 
distances increase in the same order. Along this series, the electron-releasing character of the ligand 
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is expected to increase slightly, weakening the σ-donor interaction of the ethene to the rhodium. 
The t-Bu2-ati complex deviates from the trend in that it shows a smaller Rh-Cg distance than 
i-Pr2-ati, whereas its ethene dissociation energy is much lower. This calculated dissociation energy 
indicates that the complex would probably not be stable experimentally. The t-Bu β-diiminate 
ligand tBuLMe was left out of the tables because the DFT optimisation resulted in a completely 
different structure, featuring the rhodium side-on bonded to the diiminate ligand. Hence most of its 
geometrical parameters could not be directly compared to that of the other optimised structures. 
Looking at the bisoxazolinates two groups are distinguished (H2-box, Ph2-box and Me2-box 
vs Me4-box and t-Bu2-box). It seems that the large steric bulk of the Me4-box and the t-Bu2-box 
results in a substantial weakening of the Rh-alkene bond. These two complexes also show the 
strongest distortion (Chart 1 and 2).  
This trend is also reflected in general by an XY plot of the ethene dissociation energy against 
the space angle (Chart 4). 
 
Chart 4. XY plot of the ethene dissociation energy versus the space angle χ. 




















ethene dissociation energy (kcal/mole)  
 
When considering the geometrical features of the β-diiminate rhodium bis(ethene) complexes 
(section 6.2) a mainly electronic influence on the geometries was suggested for the triad xylLMe ≤ 
PhLMe < C6F5LMe. The Rh-Cg distance decreases on going from xylLMe to C6F5LMe, the ethene 
dissociation energy increases in this order and distortion also increases. Thus, by rendering the 
rhodium less electron-rich the metal-ethene bond is strengthened, leading to a more congested 
situation. 
The same electronic effect seems to be involved for Lcyc and H2-box. Sterically no significant 
difference is expected between the two unsubstituted cyclic ligands. Nonetheless the H2-box 
complex exhibits more distortion then that of Lcyc. The fact that also the Rh-Cg distance is shortest 
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and the ethene dissociation energy highest for H2-box (See chart 3) suggests that the oxygen atom 
acts mainly as a σ-acceptor and that π-donation of the oxygen lone pair is much less important. 
This role of the oxygen atom in the bisoxazolinates is reflected also in the parameters found 
for MeLOMe. It shows a slightly bigger distortion then MeLMe and much stronger ethene bonding 
(higher ∆Ediss, shorter Rh-Cg dist.). Surprisingly the DFT calculations suggest that MeLCF3 causes 
weaker ethene binding than MeLMe whereas it exhibits the strongest distortion. This can only make 
sense if the CF3 groups have a greater steric demand than methyl, resulting in the two N-methyls 
being pushed towards the metal. Otherwise its σ-acceptor character should result in much stronger 
ethene binding. A look at the angles around the nitrogens in MeLCF3 and MeLMe indeed demonstrates 
a difference in steric demand between backbone methyl and trifluoromethyl groups (Figure 5). The 
difference between the Cbackbone-N-Csubst angles of MeLCF3 and MeLMe is around 3°. For comparison, 
the difference in CNC angles caused by replacing the central Me group of an acetamidinate by a 
t-Bu group has been reported to be 5°.9 Replacing the backbone methyls of a β-diiminate with t-Bu 


























Figure 5. Calculated angles (°) around nitrogen and distance (Å) between central carbons of N-Me 
and backbone substituent in the MeLMe and MeLCF3 bis(ethene) complexes. 
 
C6F5LMe has a higher ethene dissociation energy than MeLMe and the sterically almost equal 
PhLMe and xylLMe, and shows a higher degree of distortion (Chart 1). This corroborates that electron 
withdrawal by the ligand substituents enhances σ-donation of ethene, resulting in a higher ethene 
dissociation energy.  
 
 
6.4 Reactivity of the complexes 
 
In this section the stabilities and reactivities of the complexes observed in chapters 2 to 5 are 





β-Diiminate rhodium(I) olefin complexes 
In chapter 2 we have seen that with the xylLMe ligand stable rhodium(I) cod, bis(ethene) and 
(mono)coe complexes are obtained. The 12e fragments “xylLMeRh” resulting from the bis(ethene) or 
coe complex upon departure of the olefin showed high and selective reactivity towards 
hydrogenation, oxidative addition and arene coordination.  
When the 2,6-dimethylphenyl (xyl) substituents of xylLMe are replaced by pentafluorophenyl 
substituents, increasing the electron demand considerably, the bis(ethene) and cod complexes when 
formed are both unreactive. The cod complex could only be obtained by displacement of the 
ethenes in the bis(ethene) complex with cod. As bonding of the olefins is expected (and calculated) 
to be stronger for C6F5LMe then for xylLMe, the steric demand of the C6F5 group must be slightly 
higher (and indeed the space angle χ is slightly smaller for C6F5LMe than for xylLMe). The fact that no 
stable coe complex could be obtained for C6F5LMe seems not to be in agreement with the higher 
steric and electronic demand. Perhaps in the C6F5LMe case the electron deficiency of the rhodium, 
and hence its reactivity, is such that C-F activation of the C6F5 occurs, leading to further 
decomposition products.11  
When the steric demand of the ligand is increased further on going to the iPrLMe and tBuLMe 
ligands, cod complexes are not formed anymore. Attempts to obtain [(iPrLMe)Rh(C2H4)2] also failed. 
An unstable product was formed that decomposed immediately. Thus, these sec- and tert- alkyl-
substituted β-diiminates are probably too bulky to form stable bis(ethene) complexes, and not 
shielded enough to form stable mono(olefin) complexes.  
 
Bisoxazolinate vs. β-diiminate rhodium(I) olefin complexes; ligand dissociation energies (DFT) 
The stability and reactivity of the bisoxazolinate complexes are not as easy to explain as those of 
the β-diiminate complexes. Whereas the Ph2-box and Bz2-box ligands give stable norbornadiene 
(nbd), cod and bis(ethene) complexes, the stabilities of the complexes of the other bisoxazolinate 
ligands decrease with diminishing steric demand. For t-Bu2-box and i-Pr2-box the nbd complexes 
can still be prepared, but the cod complex could only be obtained indirectly (c.f. C6F5LMe). The 
bisethene complexes of these ligands are unstable in THF under nitrogen and have been observed 
only by NMR. Attempts at their isolation were unsuccesfull, as [(t-Bu2-box)Rh(C2H4)2] 
disproportionates to a bis(box) rhodium(II) species and the i-Pr analogue decomposes rather quickly 
to unknown products. Of the bisoxazolinates with smaller substituents, only [(Me4-box)Rh(nbd)] 
could be isolated. Like its t-Bu and i-Pr analogues the cod complex of Me4-box was not formed 
directly, which is in accord with the observation (Section 6.2) that Me4-box is very sterically 
congested. The chelating nbd is smaller than cod and this probably allowed the formation of 
[(Me4-box)Rh(nbd)]. The rhodium(I) bis(ethene) complexes for Me2-box and Me4-box are too 
unstable to even be observed, and their attempted synthesis resulted in a tarry black oil.12  
In view of the high degree of steric congestion in alkyl-substituted bisoxazolinate complexes, 
one might believe that ethene dissociation could be an important step in decomposition of the 
bis(ethene) complexes. This does not, however, explain the much easier decomposition of the 
Me2-box and Me4-box complexes relative to the crowded i-Pr2-box and t-Bu2-box complexes, nor 
does it explain why Rn-box ligands as a class appear to decompose easily.  
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Possibly radical stabilities may be relevant here, and therefore the radical stabilities of most of 
the β-diiminate type ligands (i.e. the tendency of the ligands to dissociate from the metal as a 
radical) were assessed with DFT methods. This was done by calculating the reaction energy needed 









Scheme 2. Reaction calculated to assess the radical-stability of the ligands L. 
 
Chart 5 shows that bisoxazolinate ligands as a class form rather stable radicals, which could 
facilitate transfer of a ligand radical from one Rh center to another (as a step on the way to RhII 
complexes) as well as various ligand coupling reactions. Large substituents on the ligand (as in 
t-Bu2-box) might prevent ligand coupling and so increase selectivity towards the RhII product.  
The phenyl group in Ph2-box does not affect radical stability, which is to be expected since 
the aryl group is not conjugated with the ligand π-system. Nevertheless, the Ph2-box (and Bz2-box) 
rhodium complexes are remarkably stable. As there are no obvious steric or electronic explanations 
for this, we propose that the aryl groups in these complexes block a specific step in the 
decomposition pathway, possibly via Rh-arene π-coordination.  
The only other class class of ligands displaying high radical stabilities are the aryl-substituted 
β-diiminates (ArLMe). In contrast to the bisoxazolinate complexes, Ar-diiminate complexes give rise 
to very stable olefin complexes. Here the ligand shielding may prevent both formation of RhII 
complexes and ligand coupling. In addition, the stabilising effect of aryl substituents (coordination 
to rhodium?), noted for bisoxazolinate ligands may also be relevant here. 
Especially in the case of the two imineoxazolinates in the table (CF3-imox and Ph-imox) one 
would expect to see a clear radical stability difference as for CF3-imox very stable bis(ethene) and 
cod complexes were obtained, whereas for Ph-imox these complexes could not be prepared. The 
phenyl group is far from the metal in Ph-imox, but perpendicular to the ligand π-system and judging 
from chart 4 does not affect the radical stability much. Most likely the instability of the Ph-imox 
complexes is due to the backbone phenyl group forcing the N-2,6-dimethylphenyl group more 



















































































































































Acetamidinate and aminotroponiminate rhodium(I) olefin complexes 
The formation and stability of the acetamidinate and aminotroponiminate complexes observed in 
chapter 5 seem to be predominantly governed by steric demand. In the aminotroponiminates the 
N-substituents are directed a bit more towards the metal center then in the acetamidinates, which 
renders them more sterically demanding. Furthermore the νCO of their bis(carbonyl) complexes 
shows that they are slightly more electron releasing than the acetamidinates. These differences are 
reflected in the larger calculated distortions (Chart 1 and 2) and lower ethene dissociation energies 
(Chart 3), and correlate well with the experimental results. Stable rhodium(I) cod complexes were 
obtained with i-Pr2-aca, t-Bu2-aca and i-Pr2-ati. With t-Bu2-ati also a stable cod complex was 
obtained, but the NMR spectra indicated that the steric demand of the t-Bu groups forced the ligand 
into a different coordination mode to rhodium. None of the cod complexes exhibited reactivity 
towards hydrogen. Only for i-Pr2-aca a stable rhodium(I) bis(ethene) complex could be obtained, 
attempts at preparing bis(ethene) complexes of the other three ligands resulted in the direct 






From the infrared data and the DFT calculations it can be concluded that the bisoxazolinates are 
weaker donor ligands than β-diiminates and hence that the σ-electron withdrawal of the oxygens in 
the bisoxazoline rings is more important than the π-electron donation of their free electron pairs to 
the backbone.  
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From experimental νCO values and the DFT calculations it becomes apparent that ethene 
bonding is dominated by σ-donation and that π-back-donation does not play a role in the 
differences between the complexes studied. The other major influence on ethene bonding is the 
steric demand of the ligand, which determines how closely the olefin can approach the metal.  
Looking at the alkyl-substituted ligands only, steric effects appear to strongly influence the 
formation and stability of their rhodium olefin complexes. The steric hindrance of the different 
backbones increases in the order aca < ati < diiminate (inc. box), and that of N-substituents in the 
order Me / n-alkyl < sec-alkyl < t-alkyl. t-Alkyl substitution at N (this includes Me4-box) clearly 
introduces enough steric congestion to prevent the formation of bis(ethene) complexes, whereas for 
the diiminates and aminotroponiminates i-propyl already has the same effect. The chelating cod and 
nbd ligands are less sensitive towards steric congestion and give rise to more stable complexes, 
although the direct formation of some cod complexes was hampered.  
Although it appears from the above discussion that steric factors are important, they are not 
the only factors influencing complex stability. This is clearly illustrated by the results we obtained 
for box ligands (Chapter 4). If steric effects were the only factors affecting complex stabilities, one 
would expect a decrease of stability roughly in the order Me2-box ≈ Bz2-box > Ph2-box ≈ i-Pr2-box 
> t-Bu2-box > Me4-box, which shows little resemblance to the experimentally observed sequence 
Ph2-box, Bz2-box >> t-Bu2-box > i-Pr2-box > Me2-box > Me4-box. Moreover, if ethene dissociation 
(possibly promoted by steric hindrance) were the key step in decomposition, one would expect 
(based on calculated ethene dissociation energies) that box complexes would be much more stable 
than β-diiminate complexes, in contrast to experimental observation. Since ligand transfer (from 
one Rh center to another) occurs in the spontaneous disproportionation of [(t-Bu2-box)Rh(C2H4)2], 
we thought that ligand dissociation (as opposed to ethene dissociation) might be an important step 
in the decomposition of box complexes. Indeed, we find that the bisoxazolinyl radical is relatively 
stable, supporting such a decomposition mechanism. 
The presence of an aryl or benzyl substituent at the carbon adjacent to N results in a 
considerable stabilisation of the complexes. This marked effect is not likely to be due to steric or 
electronic factors. Possibly, Ar-Rh coordination is responsable for blocking one of the steps in the 
decomposition pathway. 
In contrast to the alkyl substituted β-diimines, the aryl substituted β-diimines display a radical 
stability comparable to that of the bisoxazolines. Nevertheless their ethene complexes are much 
more stable. The high stability could also in this case be ascribed to the “aryl-effect” mentioned 
above, or easy ligand transfer might be prevented by steric shielding. 
Even with the inclusion of the theoretical results, our work does not allow a clean separation 
between steric and electronic ligand effects, nor a full explanation of complex stability and 
reactivity. More experimental work would be needed, including a systematic variation of ligand 
structure, which requires a significant synthetic effort. Moreover, careful kinetic studies might shed 
light on decomposition pathways.  
At present, the xylLMe ligand and its close analogues, appear to have been a “lucky shot” in the 
sense that within a considerable collection of diiminate rhodium(I) olefin complexes they constitute 
the only class that displays versatile reactivity. 
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Based on the data obtained so far, ati complexes bearing bulky aryl substituents at nitrogen 
might be the most promising category for further study. Synthesis of these ligands, however, is not 
straightforward. 
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6.6 Experimental section 
 
General remarks: All manipulations were carried out in an argon atmosphere under standard 
Schlenck conditions. All solvents (including the deuterosolvents) were distilled from 
Na/Benzophenone prior to use. NMR measurements were performed on the following 
spectrometers: Bruker DPX200 and Varian VXR200S (200 MHz), Bruker AC300 (300MHz), 
Bruker AN400 and Varian Inova400 (400MHz), Bruker AVANCE DRX500 (500 MHz). Infra-Red 
measurements were carried out on a Perkin-Elmer 1720-X FT-IR spectrometer. 
 
Computational details: The ethene dissociation energies were calculated by comparing the DFT 
optimised energies of the bis(ethene) complexes to that of the mono(ethene) complexes plus free 
ethene. For both the mono(ethene) and the bis(ethene) complexes the most stable conformations 
were used, in case more than one (combination of) orientation(s) of the substituents was possible.  
The stability of the radicals was determined by comparing the sum of the optimised energies 
of both sides of the reaction shown in scheme 2. Since multiple conformations of the ligands are 
possible we chose to use the conformations of the ligands in the optimised bis(ethene) complexes 
for both the protonated ligands and the derived radicals. It was not attempted to find the most stable 
conformations of the ligands and the radicals as this would have been a disproportionate effort. 
The DFT calculations were carried out with the Turbomole program13 coupled to the PQS 
Baker optimizer.14 Geometries were fully optimized as minima or transition states at the ridft15 
BP86 level16 using the Turbomole SV(P) basisset17 on all atoms (def-SVP pseudopotential basis18 
on Rh and Ir). 
The calculated infrared CO stretch frequencies in table 3 are obtained by PM3 structure 
optimisations, using the PM319 method of Spartan version 5.1.3,20 and reading out the listed 
vibrations from the output. 
 
Crystal structure determination: The crystal was mounted in a thin-walled glass capillary under 
Ar. Details of the structure determination of 1 are collected in Table 4. Since the glass capillary 
prevented accurate descriptions of the crystal shape, semi empirical absorption corrections21 were 
applied. The structure was solved using the PATTY option 22 of the DIRDIF-96 program system.23 
Refinements were carried out with the SHELXL-97 package.24 All non-hydrogen atoms were 
refined with anisotropic temperature factors. The hydrogen atoms were placed at calculated 
positions, and refined isotropically in riding mode. The assignment of C and O in the 
carbonmonoxide moieties is based on chemical and spectroscopic evidence (see below) and on 
refinement of the occupancy factors of the atoms involved. All refinements were full-matrix least-
squares on F2. Geometrical calculations were carried out with the PLATON-93 program25 and did 
not reveal unusual geometric features, nor unusual short intermolecular contacts. Moreover, the 
calculations revealed no higher symmetry and no solvent accessible areas. 
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Table 4. Details of the X-ray structure determination of 1. 
Crystal colour  transparent yellow-brown 
Crystal shape  rough fragment 
Crystal size [mm] 0.25 × 0.16 × 0.13 
Empirical formula  C15H19N2O2Rh 
Formula weight  362.23 
Temperature [K] 293(2) 
Radiation (graph. monochrom.) MoKα 
Wavelength [Å] 0.71073 
Crystal system Monoclinic 
Space group P21/c 
Unit cell: no of reflections 25 
θ Range 10.409 to 13.597 
a [Å] 9.1377(13) 
b [Å] 22.845(9) 
c [Å] 15.117(2) 
α [º] 90 
β [º] 93.217(14) 
γ [º] 90 
Volume [Å3] 3150.8(14) 
Z, Calculated density [Mg m–3]  8, 1.527 
Absorption coefficient [mm–1]  1.086 
Diffractometer  Enraf-Nonius CAD4 
Scan ω/2θ-scan 
F(000) 1472 
θ Range for data collection [º] 2.69 to 27.47 
Index ranges  0 ≤ h ≤ 11 
 0 ≤ k ≤ 29 
 -19 ≤ l ≤ 19 
Reflections collected / unique  7654 / 7213 
[Rint] 0.0414 
Reflections observed [Io > 2σ(Io)] 3529 
Absorption correction semi-empirical ψ-scan 
ψ-Scan transm. factors 1.073 and 0.940 
Data / restraints / parameters 38207213 / 0 / 369 
Goodness-of-fit on F2  1.018 
SHELXL-97 weight parameters 0.0449, 2.1446 
Final R1, R wR2 [I > 2σ(I)] 0.0664, 0.1106 
R1, wR2 (all data) 0.1650, 0.1404 
Largest diff. peak and hole [e Å–3] 0.782 and –0.506 
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[N,N’-diisopropyl-2,4-aminopentaneiminato-rhodium(I)-bis(carbonmonoxide)] 
[(iPrLMe)Rh(CO)2]: CO gas was bubbled through a solution of 100 mg (0.39 mmole) 
[(µ-Cl)Rh(cod)]2 in 2 mL diethylether for 5 min. Then at –78ºC a freshly prepared solution of 
(iPrLMe)Li (prepared from lithium diisopropylamide and 141 mg of (iPrLMe)H) in diethylether (2 mL) 
is added to the solution. After 1h of stirring, the mixture was allowed to warm up to room 
temperature. The mixture was stirred for an other 5h before removing the solvents in vacuo. FT-IR 
(rT, KBr pellet): ν (cm-1) = 2963(m), 2918(m), 2872(m), 2047(s) (νCO stretch symm.), 1970(s) 
(νCO stretch asymm.), 1624(m), 1560(m), 1519(m), 1450(m), 1308(m), 1243(m), 1157(m), 
1124(m), 507(w); 1H NMR (200 MHz, 25ºC, C6D6) δ(ppm) = 4.37 (s, 1H; CH(CN)2), 3.46-4.15 (m, 
2H; CH(CH3)2), 1.72 (s, 6H; backbone CH3), 1.29 (d, J = 6.4 Hz, 12H; CH(CH3)2). 
 
[N,N’-di(tert-butyl)-2,4-pentaneamineiminato-rhodium-bis(carbonmonoxide)] 
[(tBuLMe)Rh(CO)2]: The synthesis is carried out the same way as for [(iPrLMe)Rh(CO)2], using 144 
mg of (tBuLMe)H and 150 mg of [(µ-Cl)Rh(cod)]2. FT-IR (rT, KBr pellet): ν (cm-1) = 2967(m), 
2874(m), 2834(m), 2037(s) (νCO stretch symm.), 1969(s) (νCO stretch asymm.), 1625(m), 
1570(m), 1459(m), 1395(m), 1364(m), 1225(m), 1188(m), 509(w); 1H NMR (300 MHz, 25ºC, 
CDCl3) δ(ppm) = 4.35 (s, 1H; CH(CN)2), 1.98 (s, 6H; backbone CH3), 1.33 (s, 18H; C(CH3)3). 
 
[{N,N’-bis(2,6-dimethylphenyl)-2,4-aminopentaneiminato}-rhodium(I)-bis(carbonmonoxide)], 
[(xylLMe)Rh(CO)2]: A fresh solution of lithium diisopropylamide (prepared at -78°C from 0.165 mL 
diisopropylamine and 0.715 mL of a BuLi (1.6M) solution in hexane) in THF(2-3mL) was added to 
a solution of (xylLMe)H (350 mg) in THF (2-3 mL) at –78°C. The mixture was added to a suspension 
of [(µ-Cl)Rh(C2H4)2]2 (282 mg)and stirred for 45 minutes at –78°C, after which the solution was 
allowed to warm to room temperature. Subsequently CO gas was passed through the solution for 15 
minutes after which the solvents were removed in vacuo. FT-IR (rT, KBr pellet): ν (cm-1) = 
3440(broad, s), 2360(w), 2058(m) (νCO stretch symm.), 1993(m) (νCO stretch asymm.), 
1625(broad, m), 1537(m), 1438(m), 1389(m), 1264(w), 1188(w), 766(m). 
 
[{N,N’-bis(2,3,4,5,6-pentafluorophenyl)-2,4-aminopentaneiminato}-rhodium(I)-
bis(1,5-cyclooctadiene)], [(C6F5LMe)Rh(cod)]: CO gas was bubbled through a solution of 
[(C6F5LMe)Rh(ethene)2] (50 mg) in THF (2-3 mL) for 15 minutes, after which the solvent was 
removed in vacuo. FT-IR (rT, KBr pellet): ν (cm-1) = 2988(m), 2963(m), 2915(m), 2074(s) (νCO 
stretch symm.), 2022(s) (νCO stretch asymm.), 1631(m), 1653(m), 1381(m), 1507(m), 1438(m), 
1281(m), 1012(m), 988(m), 784(w), 700(w), 646(w), 516(w); 1H NMR (200 MHz, 25ºC, C6D6) 
δ(ppm) = 4.78 (s, 1H; CH(CN)2), 1.46 (s, 6H; backbone CH3). 
 
[2,2'-Methylenebis{(4S)-4-phenyl-2-oxazolinylmethanato}-bis-(carbon monoxide)-rhodium(I)] 
[(Ph2-box)Rh(CO)2]: A fresh solution of lithium diisopropylamide (prepared at -78°C from 0.133 
mL diisopropylamine and 0.576 mL of a BuLi (1.6M) solution in hexane) in THF(2-3mL) was 
added to a solution of (Ph2-box)H (290 mg) in THF (2-3 mL) at –78°C. The mixture was added to a 
suspension of [(µ-Cl)Rh(C2H4)2]2 (180 mg)and stirred for 45 minutes at –78°C, after which the 
solution was allowed to warm to room temperature. Subsequently CO gas was passed through the 
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solution for 15 minutes after which the solvents were removed in vacuo. FT-IR (rT, KBr pellet): ν 
(cm-1) = 3422(broad,s), 2072(s) (νCO stretch symm.), 1995(m) (νCO stretch asymm.), 1605(m), 
1543(m), 1453(w), 1244(w), 1159(w), 1085(w), 700(s). 
 
[2-((4S)-Phenyl-4,5-dihydrooxazol-2-yl)-1-(trifluoromethyl)vinyl]-2,6-dimethylanilinato-
rhodium(I)-bis(carbonmonoxide)], [(CF3-imox)Rh(CO)2]: A fresh solution of lithium 
diisopropylamide (prepared at -78°C from 0.102 mL diisopropylamine and 0.441 mL of a BuLi 
(1.6M) solution in hexane) in THF(2-3mL) was added to a solution of (CF3-imox)H (260 mg) in 
THF (2-3 mL) at –78°C. The mixture was added to a suspension of [(µ-Cl)Rh(C2H4)2]2 (137 
mg)and stirred for 45 minutes at –78°C, after which the solution was allowed to warm to room 
temperature. Subsequently CO gas was passed through the solution for 15 minutes after which the 
solvents were removed in vacuo. FT-IR (rT, KBr pellet): ν (cm-1) = 3441(broad, m), 2066(s) (νCO 
stretch symm.), 2003(s) (νCO stretch asymm.), 1584(m), 1552(m), 1445.7(m), 1361(m), 1305(m), 
1306(m), 1266(w), 1206(m), 1175(m), 1140(m), 1032(w), 774(w), 538(w); 1H NMR (200 MHz, 
25ºC, [D8]THF) δ(ppm) = 7.35 (m, 5H; phenyl o, m, p), 6.95 (m, 3H; 2,6-Me2Ph m, p), 5.66 (dd, J1 
= 9.4 Hz, J2 = 4.8 Hz, 1H; OCHaHb), 5.30 (s, 1H; CH(CN)2), 4.76 (dd, J1 = 9.4 Hz, J2 = 8.5 Hz, 1H; 
CHPh), 4.21 (dd, J1 = 8.5 Hz, J2 = 4.8 Hz, 1H; OCHaHb), 2.33 (s, 3H; 2,6-(CH3)2Ph), 2.29 (s, 3H; 
2,6-(CH3)2Ph); 13C NMR {1H} (50 MHz, 25ºC, [D8]THF) δ(ppm) = 186.2 (d, JRh,C = 65 Hz, 1C, 
COa), 183.0 (d, JRh,C = 66 Hz, COb), 168.0 (s, 1C; 2,6-Me2Ph i), 156.5 (s, 1C; phenyl i), 152.1 (q, 
2JC,F = 26 Hz, 1C; F3CCN), 144.8(s, 1C; OCN), 133.6 (s, slightly broadened, 1C; 2,6-Me2Ph o), 
132.6 (s, slightly broadened, 1C, 2,6-Me2Ph o’), 129.7 (s, 2C; phenyl m), 129.0 (s, 1C; 2,6-Me2Ph 
m), 128.3 (s, 1C; 2,6-Me2Ph m’), 128.2 (s, 1C; 2,6-Me2Ph p), 127.4 (s, 2C; phenyl o), 126.4 (s, 1C; 
phenyl p), 76.4 (qd, 2JC,F = 6.2 Hz, JRh,C = 1.4 Hz, 1C; CH(CN)2), 76.0 (d, JRh,C = 1 Hz, 1C; OCH2), 
74.3 (d, JRh,C = 1.2 Hz, 1C; CHPh), 19.4 (s, broad, 2C; 2,6-(CH3)2Ph), CF3 was not observed. 
 
[1-Phenyl-2-((4S)-phenyl-4,5-dihydrooxazol-2-yl)vinyl]-2,6-dimethylanilinato-rhodium(I)-
bis(carbonmonoxide)], [(Ph-imox)Rh(CO)2]: A fresh solution of lithium diisopropylamide 
(prepared at -78°C from 0.018 mL diisopropylamine and 0.077 mL of a BuLi (1.6M) solution in 
hexane) in THF(2-3mL) was added to a solution of (CF3-imox)H (44 mg) in THF (2-3 mL) at –
78°C. The mixture was added to a suspension of [(µ-Cl)Rh(C2H4)2]2 (24 mg) and stirred for 45 
minutes at –78°C, after which the solution was allowed to warm to room temperature. Subsequently 
CO gas was passed through the solution for 15 minutes after which the solvents were removed in 
vacuo. FT-IR (rT, KBr pellet): ν (cm-1) = 3422(broad, s), 2073(s) (νCO stretch symm.), 1996(s) 
(νCO stretch asymm.), 1653(very broad, m), 1466(very broad, m), 771(broad, w), 698(broad, m), 
503,6(very broad, w). 
 
[N,N’-diisopropylaminotroponiminato-rhodium(I)-bis(carbonmonoxide)] 
[(i-Pr2-ati)Rh(CO)2]: CO-gas was bubbled through a solution of approx. 100 mg (0.24 mmole) of 
[(i-Pr2-ati)Rh(cod)] in diethylether for about 30 min.. Then the solvent was removed in vacuo. 
Yield: ~74 mg (85 %, NMR). Recrystallisation from diethylether yielded orange crystals, suitable 
for X-ray analysis. Elemental Analysis calculated (%) for C21N2O2H31Rh (362.2): C 49.74, H 5.29, 
N 7.73, O 8.83; found: C 49.52, H 5.41, N 7.81, O 8.69; FT-IR (25ºC, KBr pellet): ν (cm-1) = 
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3427(m), 2964(m), 2917(m), 2876(m), 2044 (νCO stretch symm.), 1974 (νCO stretch asymm.), 
1585(m), 1500(m), 1380(m), 1224(m), 1074(m), 720(w); 1H NMR (500Mhz, 25ºC, CD3CN) 
δ(ppm) = 7.11 (t, J =10.4 Hz, 2H; troponcycle H 3 and 7), 6.95 (d, J = 11.5 Hz, 2H; troponcycle H 
4 and 6), 6.53 (t, J = 9.2 Hz, 1H; tropone ring H 5), 4.37 (m, J = 6.4 Hz, 2H; CH(CH3)2), 1.40 (d, J 
= 7.3 H, 12H; CH(CH3)2); 13C NMR {1H} (125 MHz, 25ºC, CD3CN) δ(ppm) = 190.18 (d, JRh,C = 
63.8 Hz, 2C; CO), 166.60 (s, 2C; troponcycle C 1 and 2), 134.20 (s, 2C; troponcycle C 4 and 6), 
120.80 (s, 1C; troponcycle C 5), 113.79 (s, 2C; troponcycle C 3 and 7), 53.08 (s, 2C; CH(CH3)2), 
26.00 (s, 4C; CH(CH3)2). 
 
[N,N’-di(tert-butyl)aminotroponiminato-bis(carbonmonoxide)-rhodium(I)], 
[(t-Bu2-ati)Rh(cod)]: CO gas was bubbled through a solution of [(t-Bu2-ati)Rh(cod)] (appr. 50 mg) 
in diethyl ether for 15 min. after which the solvent was removed in vacuo. FT-IR (25ºC, KBr 
pellet): ν (cm-1) = 3447 (broad,m), 2966, 2925, 2868, 2047(s) (νCO stretch symm.), 1977(s) (νCO 
stretch asymm.), 1560(m), 1517(m), 1364(m), 1232(m), 1194(m), 708(w); 1H NMR (200Mhz, 
25ºC, C6D6) δ(ppm) = 6.61 (d, J = 11.5 Hz, 2H; troponcycle H 4 and 6), 6.59 (s, broad, 2H; 
troponcycle H 3 and 7), 6.11 (m, 1H; troponcycle H 5), 1.33 (s, 18H; C(CH3)3). 
 
[N,N’-di(para-tolyl)aminotroponiminato-rhodium(I)-bis(carbonmonoxide)], 
[(p-Tol2-ati)Rh(CO)2]: A fresh solution of lithium diisopropylamide (prepared at -78°C from 0.138 
mL diisopropylamine and 0.604 mL of a BuLi (1.6M) solution in hexane) in THF(2-3mL) was 
added to a solution of H(p-Tol2-ati)26 dissolved in THF (2-3 mL) at –78°C. The mixture was stirred 
for 45 minutes after which the solution was allowed to warm to room temperature. Subsequently 
CO gas was passed through the solvent for 15 minutes after which the solvents were removed in 
vacuo. FT-IR (25ºC, KBr pellet): ν (cm-1) = 3441 (broad, s), 2047(s) (νCO stretch symm.), 1988(s) 
(νCO stretch asymm.), 1844(m), 1636(m), 1583(m), 1497(m), 1458(m), 1403(m), 1369(m), 
1235(m), 1083(broad, m), 888(w). 
 
[N,N’-diisopropylacetamidinato-rhodium(I)-bis(carbon monoxide)], [(i-Pr2-aca)Rh(CO)2]: CO 
gas was bubbled through a solution of [(i-Pr2-aca)Rh(cod)] (appr. 50 mg) in diethyl ether (2-3 mL). 
Then the solvent was removed in vacuo. FT-IR (25ºC, KBr pellet): ν (cm-1) = 2952(m), 2925(m), 
2856(m), 2064(s) (νCO stretch symm.), 1985(s) (νCO stretch asymm.), 1653(m), 1608(m), 
1459(m), 1213(m), 1127(m), 1023(m), 817(w). 
 
[N,N’-di(tert-butyl)acetamidinato-rhodium(I)-bis(carbon monoxide)], [(t-Bu2-aca)Rh(CO)2]: 
CO gas was bubbled through a solution of [(t-Bu2-aca)Rh(cod)] (appr. 50 mg) in diethyl ether (2-3 
mL). Then the solvent was removed in vacuo. FT-IR (25ºC, KBr pellet): ν (cm-1) = 2972(m), 
2874(m), 2834(m), 2042(s) (νCO stretch symm.), 1987(s) (νCO stretch asymm.), 1466(m), 
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In previous research on β-diiminate transition-metal complexes, the ancillary β-diiminate ligands 
ArLR (Scheme 1) proved very useful in stabilising low coordination numbers for both early and late 
transition metals. With early transition metals encouraging polymerisation activity was found, and 
with the three coordinate 14e rhodium(I) complex 1 catalytic hydrogenation of hindered olefins was 















   xylLMe: X=Me
ClPhLMe: X=Cl
ArLR: R = Me, t-Bu
        X = Me, i-Pr, Cl [(xylLMe)Rh(coe)] 1  
Scheme 1. The ancillary β-diiminate ligands ArLR and complex 1. 
 
These results called for a further exploration of the reactivity of complex 1. Moreover, a more 
thorough investigation of the potential of mono-anionic bidentate nitrogen-donor ligands (N2-) and 
their rhodium olefin complexes was desired. In order to vary both the electronic and steric 


















Scheme 2. The N2- ligands investigated in this study. 
 
The steric properties are varied through modification of the N-substituents, and by varying the 
number of carbon atoms in the bridge between the two nitrogen donor atoms. Studying the rhodium 
olefin complexes of these ligands might yield new insights that could ultimately lead to a more 
rational approach to catalyst design. 
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The extraordinary reactivity of complex 1 and the derived 12e “xylLMeRh” fragment was further 
studied in chapter 2. It was found to give both π-coordination of arenes and C-X activation of 











































X = H, Me





X = Cl, Br
X = F, H, Me
X = F
X = H, Me  
Scheme 3. Reactivity of 1 with arenes and arylhalides. 
 
Also with sulfur-containing compounds (aliphatic and aromatic) different reaction- and 
coordination- modes were observed, including C-S bond cleavage, σ-S coordination and side-on 
π-coordination. Whereas in thiophene the C-S bond is broken, resulting in a rhoda-thia-benzene 
type compound, for the even more inert dibenzothiophene a σ-S coordinated complex and two 
π-coordinated complexes are in equilibrium in solution. 
In chapter 3 the rhodium(I) olefin complexes of the bisoxazolinates (R2-box) are investigated. 
The box ligands are a variation on the basic β-diiminate skeleton, but their bicyclic structure and the 
incorporation of oxygen atoms in the β-diiminate backbone results in rather different ligand 
properties.  
Only the rhodium bis(ethene) complexes of Ph2-box and Bz2-box turned out to be stable, 
whereas the complexes of R2-box with R = t-Bu, i-Pr and Me decomposed readily. In the case of 
[(t-Bu2-box)Rh(C2H4)2] this turned out to be a spontaneous disproportionation of the rhodium(I) 
species to an unprecedented bis(box) rhodium(II) species and Rh(0) (See scheme 4). For the other 




















Scheme 4. Spontaneous disproportionation of [(t-Bu2-box)RhI(ethene)2] to [(t-Bu2-box)2RhII]. 
 
With [(Ph2-box)Rh(C2H4)2] toluene and xylene could be hydrogenated stoichiometrically and 
regioselectively, resulting in complexes in which the respective cyclohexadiene moieties 
demonstrated a preferential orientation (stereoselectivity). 
As the differences in reactivity between [(xylLMe)Rh(coe)] 1 and the bisoxazolinate complexes 
are significant, in chapter 4 some imineoxazolinates, which can be considered intermediate between 
ArLMe and box, were evaluated. Several other variations in both the N-substituents and the backbone 






















Scheme 5. Modified β-diiminates in chapter 4. 
 
With the acetamidinate and aminotroponiminate complexes (See scheme 2, R’ = i-Pr, t-Bu), 
described in chapter 5, the strong influence of steric demand (due to both the N-substituents and the 
bite angle) is demonstrated. Whereas the rhodium(I) bis(ethene) complex of t-Bu-ati was not 
formed at all, in the case of [(t-Bu-ati)Rh(cod)] the steric bulk of t-Bu led to an unprecedented 
π-coordination mode of the ati ligand. The obtained complexes either did not show any reactivity, 
or in some cases, showed unselective decomposition. 
In chapter 6 the structural and electronic data obtained experimentally, are supplemented with 
additional structural data from DFT optimised structures of N2- rhodium(I) bis(ethene) complexes, 
and electronic data from experimental and calculated infrared frequencies of the related 
bis(carbonyl) complexes. On the basis of some representative angles, chosen to quantify steric 
demand of the ligands, the infrared νCO (stretch), and the calculated ethene dissociation energies, it 
could be concluded that the stability (and reactivity) of the olefin complexes depends mainly on the 
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σ-donating properties of the ligand and the steric demand near the metal. Relating the structural and 
electronic descriptions of the complexes to the observed stabilities and reactivities, described in 
chapters 2 to 4, further shows that changing the number of carbon atoms by one in the bridge 
between the N-donor atoms, has roughly the same effect on steric demand as changing the 
N-substituent from Me to i-Pr, or from i-Pr to t-Bu.  
Remarkable stability is found for the complexes of both β-diiminates and bisoxazolinates 
with aryl groups as substituents on or near the nitrogen atoms. Possibly these aryl groups are able to 
block a decomposition pathway that is accessible for the other complexes.  






Uit eerder onderzoek aan overgangsmetaalcomplexen van β-diiminaatliganden is gebleken dat de 
β-diiminaatliganden ArLR (Schema 1) zeer geschikt zijn om laag-gecoördineerde complexen van 
zowel vroege als late overgangsmetalen te stabiliseren. Met vroege overgangsmetalen werd 
polymerisatieactiviteit gevonden, en met het drievoudig gecoördineerde 14e rhodium(I) complex 1 
bleken sterisch gehinderde olefinen katalytisch te kunnen worden gehydrogeneerd en werden nog 















   xylLMe: X=Me
ClPhLMe: X=Cl
ArLR: R = Me, t-Bu
        X = Me, i-Pr, Cl [(xylLMe)Rh(coe)] 1  
Schema 1. De β-diiminaatliganden ArLR en complex 1. 
 
Deze resultaten leidden ons ertoe om de reactiviteit van complex 1 verder te onderzoeken. 
Bovendien was een verdere uitdieping van de mogelijkheden van mono-anionische 
stikstof-donorliganden (N2-) en hun rhodiumolefinecomplexen gewenst. Om zowel de elektronische 
als de sterische eigenschappen van dit ligandsysteem te variëren werden de door resonantie 















Schema 2. De N2--liganden bestudeerd in dit onderzoek. 
 
De sterische eigenschappen worden geëvalueerd door de N-substituenten te variëren en door het 
aantal koolstofatomen tussen de twee stikstofdonoratomen te veranderen. De bestudering van de 
rhodiumolefinecomplexen van deze liganden zou dan nieuwe inzichten kunnen opleveren die 
kunnen helpen komen tot een meer rationeel ontwerp van nieuwe katalysatoren.  
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De buitengewone reactiviteit van complex 1 en het daarvan afgeleide 12e fragment “xylLMeRh” zijn 
verder bestudeerd in hoofdstuk 2. Het fragment bleek enerzijds in staat te zijn om arenen te binden 
via hun π-systeem, terwijl er anderzijds oxidatieve additie van C-X-bindingen optrad bij arylhaliden 











































X = H, Me






X = F, H, Me
X = F
X = H, Me  
Schema 3. Reactiviteit van 1 met arenen en arylhaliden. 
 
Ook met zwavelhoudende verbindingen (zowel alifatische als aromatische) werden 
verschillende reactie- en coördinatie-types waargenomen, waaronder splitsing van de C-S-binding, 
σ-S-coördinatie, en π-coördinatie. Terwijl bij thiofeen de C-S-binding gesplitst wordt, resulterend 
in een rhoda-thia-benzeencomplex, geeft het meer inerte dibenzothiofeen na reactie met 1 in 
oplossing een mengsel van een σ-S-gecoördineerd en twee π-gecoördineerde dibenzothiofeen-
complexen in dynamisch evenwicht.  
In hoofdstuk 3 worden de rhodium(I)-olefinecomplexen van de bisoxazolinaten (R2-box) 
onder de loep genomen. De box-liganden zijn een variatie op het β-diiminaatthema, maar hun 
bicyclische structuur en de aanwezigheid van zuurstofatomen op het ligandskelet resulteert in 
duidelijk andere ligandeigenschappen. 
Alleen de rhodium-bis(etheen)complexen van Ph2-box en Bz2-box bleken stabiel, terwijl de 
complexen van R2-box met R = Me, i-Pr, t-Bu uiteenvallen. In het geval van 
[(t-Bu2-box)Rh(C2H4)2] bleek geen volledige afbraak op te treden maar een disproportionering van 
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de rhodium(I)verbinding naar een opmerkelijke bis(box)-rhodium(II)verbinding en Rh(0) (Zie 
schema 4). 
In het geval van de andere onstabiele box-complexen (R = Me, i-Pr) konden geen 


















Schema 4. Spontane disproportionering van [(t-Bu2-box)RhI(etheen)2] naar [(t-Bu2-box)2RhII]. 
 
[(Ph2-box)Rh(C2H4)2] bleek in staat om tolueen en xyleen stoichiometrisch en regioselectief te 
hydrogeneren, wat leidde tot complexen waarin de overeenkomstige cyclohexadiëenfragmenten een 
voorkeursoriëntatie vertoonden (stereoselectiviteit). 
Aangezien [(xylLMe)Rh(coe)] 1 en de bisoxazolinaatcomplexen een significant verschil in 
reactiviteit vertonen, worden in hoofdstuk 4 enkele imineoxazolinaten bekeken, die tussen ArLMe en 
box in liggen. Ook werden enkele β-diiminaten onderzocht waarin de N-substituenten of de 
skeletsubstituenten zijn veranderd (Schema 5). Van deze laatste categorie werden alleen voor 





















Schema 5. Aangepaste β-diiminaten in hoofdstuk 4. 
 
De acetamidinaat- en aminotroponiminaat-complexen (Zie schema 2, R’ = i-Pr, t-Bu) 
bestudeerd in hoofdstuk 5, illustreren de sterke invloed van sterische hinder (zowel door de 
N-substituenten als door de ‘bite angle’). Waar het rhodium(I)-bis(etheen)complex van t-Bu-ati in 
het geheel niet gevormd werd, leidde de sterische hinder afkomstig van de t-Bu-groep in 
[(t-Bu-ati)Rh(cod)] tot een nog niet eerder waargenomen π-coördinatie van het ati-ligand. De 
verkregen complexen vertoonden of helemaal geen reactiveit, of volledige afbraak. 
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In hoofdstuk 6 worden de reeds verkregen structurele en elektronische gegevens aangevuld 
met structurele informatie uit DFT geoptimaliseerde structuren van N2--rhodium(I)-
bis(etheen)complexen, en elektronische gegevens uit experimentele en berekende infrarood-
frequenties van de overeenkomstige bis(carbonyl)complexen. Op basis van enkele geselecteerde 
hoeken (gekozen om de sterische hinder van de liganden te kwantificeren), de CO-rekvibratie, en de 
berekende etheen-dissociatieenergieën kon geconcludeerd worden dat de stabiliteit (en reactiviteit) 
van de olefinecomplexen voornamelijk afhangt van de σ-donerende interactie van het ligand naar 
het metaal, en van de sterische hinder dicht bij het metaal. De bestudering van de structurele en 
elektronische beschrijving van de complexen, in combinatie met de experimenteel waargenomen 
stabiliteiten en reactiveiten in de hoofdstukken 2 tot en met 5, laat zien dat een vergroting van de 
brug tussen de stikstofdonoratomen met één koolstof een vergelijkbaar effect heeft als het 
vervangen van een Me-groep aan N door een i-Pr-groep, of van een i-Pr- door een t-Bu-groep. 
Een opmerkelijk hoge stabiliteit werd gevonden voor de complexen van zowel β-diiminaten 
als bisoxazolinaten met een arylgroep als substituent op of naast de stikstofdonoratomen. 
Mogelijkerwijs blokkeren die arylgroepen een ontledingsroute die voor de andere complexen wel 
toegankelijk blijft. 






In precedenti ricerche svolte all’interno del nostro gruppo, i leganti ancillari β-diimminati di tipo 
ArLR (Schema 1) si sono dimostrati estremamente utili nello stabilizzare di bassi numeri di 
coordinazione di metalli di transizione. Con i metalli di transizione dei gruppi III-V si è ottenuta 
una attività di polimerizzazione incoraggiante, e con il complesso tricoordinato 1 di rodio(I) a 14 
elettroni si è addirittura osservata una idrogenazione catalitica di olefine ingombrate, e sono stati 















   xylLMe: X=Me
ClPhLMe: X=Cl
ArLR: R = Me, t-Bu
        X = Me, i-Pr, Cl [(xylLMe)Rh(coe)] 1  
Schema 1. I leganti ancillari β-diimminato ArLR e il complesso 1. 
 
Questi risultati ci hanno spinto a esplorare ulteriormente la reattività del complesso 1. Inoltre, 
volevamo anche studiare le potenzialità di leganti azoto-donatori bidentati mono-anionici (N2-) e i 
loro complessi olefinici di rodio. Per variare sia le proprietà steriche che elettroniche del legante, 
















Schema 2. I leganti N2- analizzati nel corso del lavoro. 
 
Le proprietà steriche vengono variate attraverso modificazioni dei sostituenti sull’ azoto, e 
modificando il numero di atomi di carbonio nel ponte tra i due atomi donatori di azoto. Lo studio di 
complessi olefinici di rodio con questi leganti potrebbe fornire informazioni che alla fine 
permetterebbero un approccio più razionale per la sintesi di catalizzatori. 
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La straordinaria reattività del complesso 1, e del frammento a 12 elettroni “xylLMeRh” da 
questo derivato, è stata ulteriormente studiata nel capitolo 2. È stata ottenuta sia la coordinazione π 












































X = H, Me





X = Cl, Br
X = F, H, Me
X = F
X = H, Me  
Schema 3. Reattività di 1 con areni e alogenuri arilici. 
 
Anche con composti contenenti zolfo (aromatici e alifatici) sono stati osservati differenti modi 
di coordinazione e di reattività, compresi la rottura del legame C-S, la coordinazione σ-S e la 
coordinazione laterale π. Mentre nel tiofene il legame C-S viene rotto, risultando in un composto di 
tipo rodo-tio-benzene, nel caso del dibenzotiofene, che è ancora più inerte, si arriva ad un equilibrio 
in soluzione fra un complesso a coordinazione σ-S e due complessi coordinati π. 
Nel capitolo 3 vengono trattati i complessi olefinici di rodio(I) con leganti bisossazolinati 
(R2-box). I leganti “box” sono una variazione dello scheletro base dei β-diimminati, ma la loro 
struttura biciclica e l’aggiunta di atomi di ossigeno rispetto ai primi, portano a delle proprietà 
leganti abbastanza diverse. 
Solo i complessi di rodio bis(etene) con Ph2-box e Bz2-box sono risultati stabili, mentre quelli 
in cui R2-box presenta R = t-Bu, i-Pr e Me decompongono rapidamente. Nel caso di 
[(t-Bu2-box)Rh(C2H4)2] si è visto che la decomposizione è un caso di dismutazione spontanea del 
rodio(I) che porta a una specie bis(box) di rodio(II), mai osservata precedentemente, e a rodio(0) 
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(Vedi schema 4). Nel caso degli altri complessi instabili non sono state isolate specie analoghe ma 


















Schema 4. Dismutazione spontanea di [(t-Bu2-box)RhI(ethene)2] a [(t-Bu2-box)2RhII]. 
 
Con [(Ph2-box)Rh(C2H4)2] si sono potuti idrogenare stechiometricamente e 
regioselettivamente sia il toluene che lo xilene, ottenendo complessi in cui i rispettivi frammenti di 
cicloesadiene presentano una orientazione preferenziale (stereoselettività). 
Dato che le differenze in reattività fra [(xylLMe)Rh(coe)] 1 e i complessi bisossazolinati sono 
significative, sono stati anche studiati alcuni immino-ossazolinati, che possono essere considerati 
intermedi tra i leganti di tipo ArLMe e box. I risultati ottenuti sono riportati nel capitolo 4. Sono state 
esaminate alcune altre variazioni sia nei sostituenti sull’ azoto che nello scheletro dei leganti R’LR, 





















Schema 5. I leganti β-diimminati trattati nel capitolo 4. 
 
Con i complessi acetammidinato e amminotroponimminato (vedi schema 2, R’ = i-Pr, t-Bu) 
descritti nel capitolo 5, viene dimostrata la grande influenza esercitata dall’ingombro sterico 
(dovuto sia agli N-sostituenti e all’angolo di coordinazione). Mentre il complesso di rodio(I) 
bis(etene) con il t-Bu-ati non si è assolutamente formato, nel caso di [(t-Bu-ati)Rh(cod)] l’ingombro 
sterico del terbutile ha portato ad una coordinazione di tipo π del legante “ati” mai osservata 
precedentemente. I complessi ottenuti o non hanno mostrato alcuna reattività o, in alcuni casi, 
hanno mostrato decomposizione in maniere non selettiva. 
Nel capitolo 6 vengono trattati i dati strutturali ed elettronici ottenuti sperimentalmente, le 
strutture ottimizzate con DFT dei complessi di N2- rodio(I) bis(etene), e le frequenze infrarosse 
Riassunto 
 130
calcolate per i complessi biscarbonilici relativi. Sulla base di alcuni angoli rappresentativi, scelti per 
quantificare l’ingombro sterico del legante, delle frequenze di stretching νCO all’IR e delle energie 
di dissociazione calcolate per l’etene, è stato possibile concludere che la stabilità (e reattività) dei 
complessi olefinici dipende principalmente dalle proprietà σ-donatrici del legante e dall’ingombro 
sterico nell’intorno del metallo. Facendo un confronto della descrizione strutturale ed elettronica dei 
complessi con le stabilità e reattività descritte nei capitoli 2 e 4 si può ulteriormente notare che 
cambiare il numero di atomi di C di una unità nel ponte fra gli atomi di N donatori, ha più o meno 
lo stesso effetto sterico che cambiare l’N sostituente da Me a i-Pr, o da i-Pr a t-Bu.  
Una notevole stabilità si trova per i complessi sia di β-diimminato che di bisossazolinato con 
gruppi arilici come sostituenti, su o nelle vicinanze degli atomi di azoto. Probabilmente questi 
gruppi arilici sono in grado di bloccare il cammino di decomposizione che è accessibile per altri 
complessi. Fin’ora i leganti ArLMe appaiono ancora essere unici per quanto riguarda la versatilità di 
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